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ABSTRACT
S easonal o c c u rre n c e  and a c t i v i t y  of h e te ro tro p h ic  n a n o f la g e l la te s  
(HNANO o r  h e t e r o f l a g e l l a t e s )  and  b a c te r ia  w ere s tu d ie d  in  a  s h e l t e r e d  
b r a c k is h  w a te r embayment o f  Chesapeake Bay w e tlan d s  ( V ir g in ia ,  USA) over 
a  th r e e  y ear p e r io d  (1981 -  19 8 4 ). E p if lu o re sc e n c e  d i r e c t  c o u n ts  and 
Scanning and T ran sm issio n  E le c t r o n  M icroscopy (SEM and TEM) te c h n iq u e s  
w ere used f o r  th e  d e s c r ip t io n  o f  organism s, enum eration , and biom ass 
d e te rm in a tio n s .  S easonal b a c t e r i a l  grow th r a te s  and grow th and g ra z in g  
r a t e s  o f b a c t iv o ro u s  HNANO w ere  e s tim a ted  u s in g  d i f fu s io n  cham bers 
equ ipped  w ith  N uclepore  p o ly c a rb o n a te  membrane f i l t e r s  (1 .0  and 0 .2  pm) 
in  n a tu r a l  s a l t  m arsh  t i d a l  p o o ls .  N anoplankton d e n s i t ie s  i n  b o th  
cham bers and env ironm en t w ere m onitored  c o n c u rre n tly  over s e v e r a l  days 
to  determ ine n a t u r a l  p r e d a to r -p re y  in t e r a c t io n s .  E nv ironm ental 
m o n ito rin g  o f  n an o p lan k to n  p o p u la tio n s  re v e a le d  a se a so n a l p a t t e r n  o f 
b a c t e r i a l  abundances w ith  te m p e ra tu re  w h ile  h e t e r o f l a g e l l a t e  abundances 
and  growth r a t e s  showed no s e a s o n a l  p a t te r n  n o r c o r r e la t io n  w ith  
f lu c tu a t io n s  i n  b a c t e r i a l  d e n s i t i e s .  The la r g e  v a r i a b i l i t y  in  
abundances and i n  s i t u  grow th  r a te s  of h e t e r o f l a g e l l a t e s  d em o n stra ted  
th e  n e c e s s i ty  o f  f i e l d  e x p e rim e n ta tio n  based  on s h o r t tim e s c a le s  in  th e  
dynam ic e s tu a r in e  (m arsh -m u d fla t)  system .
H e te r o f l a g e l l a te  p o p u la tio n s  were dom inated by 34 to  50 pm^ s iz e d  
m onads, c h o a n o f la g e l la te s ,  b o d o n ld s , and Paraphysomonas s p . , a l l  found 
in  v a ry in g  abundances th ro u g h o u t th e  y e a r .  D e n s itie s  g e n e ra l ly  
f lu c tu a te d  betw een 1 .0  -  5 .0  x  10 c e l l s  ml” * however, p a tc h y , s h o r t ­
te rm  blooms o f  HNANO of 0 .5  t o  2 .5  x 10 c e l l s  ml” * o ccu rred  
p e r io d ic a l ly  i n  s h e l t e r e d  m arsh  t i d a l  p o o ls .  These blooms w ere 
c o n c u rre n t w ith  ex ten d ed  low t i d e  o r s p e c i f i c  b a c t e r i a l  p o p u la t io n s  
( i . e . ,  c y a n o b a c te r ia )  ty p i c a l  o f  sp rin g  and autumn p e r io d s . H ete ro ­
f l a g e l l a t e  g row th  i n  d i f f u s io n  chambers r e f l e c t e d  th e  e n v iro n m en ta l 
bloom s and in c re a s e d  d i v e r s i t y  o f  low w a te r assem b lages. Mean grow th 
and  g raz in g  r a t e s  ranged  from  u« 0 .02 -  0 .0 7  h” * and I  ■ 30 -  148 
b a c t e r i a  h” * , r e s p e c t iv e ly ;  v a lu e s  f r e q u e n t ly  in d ic a te d  d o u b lin g  tim es 
o f  12 to  20 h o u rs  and in g e s t io n  rateB  o f 1600 -  2850 d d u rin g  any 
s e a s o n . The ra n g e  i n  b a c t e r i a l  growth r a t e s  was s im i la r  w ith  1 o r  2 
d o u b lin g s  p e r  day a t  d e n s i t i e s  o f  4 -  8 x  10° c e l l s  ml” * . Growth and 
g ra z in g  r a te s  o f  h e t e r o f l a g e l l a t e s  a t  am bient d e n s i t ie s  th u s  co u ld  
a cc o u n t fo r  20 to  80% o f d a i l y  b a c t e r i a l  ca rb o n  p ro d u c tio n . A lthough 
h e t e r o f l a g e l l a t e  in g e s t io n  r a t e s  d id  c o n t ro l  se a so n a l f lu c t u a t i o n s  in  
b a c t e r i a  d e n s i t i e s ,  maximum grow th  in  o f b a c t e r i a  and h e t e r o f l a g e l l a t e s  
cham bers was c lo s e ly  co u p led . H e te r o f la g e l la te  g raz in g  a c t i v i t y  may 
r e g u la te  th e  r a t e  o f  b a c t e r i a l  p ro d u c tio n  by p re v e n tin g  s u b s t r a t e  
l i m i t a t i o n  and m a in ta in in g  th e  b a c t e r i a l  p o p u la tio n  in  an  a c t iv e  grow th 
p h a se . z
The s e a s o n a l  s tu d y  dem o n stra ted  th e  dynamic n a tu re  o f 
nanop lank ton  p o p u la t io n s ,  p a r t i c u l a r l y  HNANO, d u rin g  th e  autum n and
xvi
s p r in g  t r a n s i t i o n  p e rio d s*  The autum n ex p erim en ts  s u g g e s t  th a t  
m ic ro a g g re g g re g a te s  ( i . e . ,  of c y a n o b a c te r ia )  a c t i v i t y  i n  
h e t e r o f l a g e l l a t e  trophodynam lcs. SEM photom icroscopy re v e a le d  th a t  th e  
dom inant component o f  sp rin g  blooms may be composed o f  s e v e ra l  members 
o f  th e  l o r i c a t e  c h o a n o f la g e lla te  f a m ily ,  A can th o ec id ae . Using m o d ified  
EM te c h n iq u e s ,  e le v e n  A canthoecidae c h o a n o f la g e l la te s  s p e c ie s ,  
i d e n t i f i e d  from s p r in g  in  s i t u  cham ber ex p e rim en ts , w ere d e sc r ib e d . In  
s i t u  grow th and g ra z in g  r a te s  f o r  th e s e  s p r in g  cham ber p o p u la tio n s  
ran g ed  from 0 .023  to  0.196 hi""* and AO to  210 b a c t e r i a  h- * r e s p e c t iv e ly .  
These h ig h  r a te s  r e p re s e n t  an o p p o r tu n i s t ic  re sp o n se  t o  optimum 
c o n d i t io n s  and a n  ex p re ss io n  o f maximum g ra z in g  p o t e n t i a l .
The uBe o f i n  s i t u  d if fu s io n  cham bers and com bined e p if lu o re s c e n c e  
and EM p ho tom icroscop ic  a n a ly s is  r e p r e s e n ts  an i d e a l  m ethodology f o r  
q u a n t ify in g  HNANO trophodynam lcs. The p o te n t ia l  f o r  h ig h  grow th and 
g ra z in g  r a te s  d em o n stra ted  by In  s i t u  chamber e x p e rim e n ts  under n e a r ly  
a l l  en v iro n m en ta l c o n d itio n s  in d i c a te  h e t e r o f l a g e l l a t e s  may se rv e  a s  a 
r e l a t i v e l y  c o n s ta n t  pathway o f b a c t e r i a l  carbon in t o  th e  e s tu a r in e  food  
c h a in .
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TROPHODYNAMICS OF ESTUARINE (SALT MARSH) 
HETEROTROPHIC NANOPLANKTON
CHAPTER I  
GENERAL INTRODUCTION
T h is  d i s s e r t a t i o n  e n t i t l e d  "Trophodynam lcs o f e s tu a r in e  ( s a l t  m arsh) 
h e te r o t r o p h ic  nanoplankton" i s  com prised o f  s i x  c h a p te rs  w hich  d e s c r ib e  
v a r io u s  com ponents of a  f i e l d  su rv ey  and i n  s i t u  grow th and g ra z in g  
e x p e r im e n ts . H e te ro tro p h ic  n an o p lan k to n  a r e  d e f in e d  aB p ro to z o a n s  which 
f a l l  i n  t h e  s iz e  range o f  2 -2 0  jum and a re  commonly r e f e r r e d  to  in  th e  
l i t e r a t u r e  by  t h e i r  a b b r e v ia t io n ,  HNANO. HNANO, a re  dom inated  by 
h e t e r o t r o p h ic  m i c r o f l a g e l l a t e s .  However, r e c e n t  s tu d ie s  (S h e r r  e t  a l .  
1986) r e v e a le d  th a t  in  some e n v iro n m e n ts , t h e  l e s s  th a n  20 jim f r a c t io n  
may in c lu d e  s e v e ra l  types  o f  s m a l l  c i l i a t e s .  The o b je c t iv e s  o f  th e  
re s e a rc h  w ere  to  study  th e  m ic r o b ia l  food c h a in  in  a  s a l t  m a rsh -m u d fla t 
system  w i th  p a r t i c u la r  em p h asis  on th e  trophodynam lcs o f  h e te r o t r o p h ic  
f l a g e l l a t e d  nanop lank ton , o r  h e t e r o f l a g e l l a t e s ,  ran g in g  i n  s i z e  from 2 to  
12 jim. L a b o ra to ry  and f i e l d  i n v e s t ig a t io n s  i n  York R iv e r s a l t  m arshes 
were i n i t i a t e d  i n  1979. A t t h i s  tim e , h e t e r o f l a g e l l a t e  im p o rtan ce  in  DOM 
c y c l in g , n u t r i e n t  r e g e n e ra t io n ,  and trophodynam lcs in  a q u a t ic  system s was 
g e n e ra l ly  a c c e p te d , but p o o r ly  docum ented. However, th e  r o l e  o f  
h e t e r o f l a g e l l a t e s  as b a c te r io v o r e s  rem ained  c o n t r o v e r s i a l  and l i t t l e  
in fo rm a tio n  e x is te d  fo r  d i s t r i b u t i o n  and abundances o f HNANO i n  e s tu a r in e  
sy stem s. Q u a n ti ta t iv e  in fo rm a t io n  on g ro w th  and g ra z in g  r a t e s  of HNANO 
was n o t th e n  a v a i la b le .
/
I t  was h y p o thesized  t h a t  h e t e r o f l a g e l l a t e s ,  as b a c te r io v o r e s ,  sh o u ld  
be a s i g n i f i c a n t  component o f  h ig h ly  p ro d u c t iv e  s a l t  m arsh sy stem s. The
2
3h y p o th e s is  was based l a r g e ly  on th e  paradigm  of d is s o lv e d  o rg a n ic  m a tte r
(DOM) c y c l in g  (DOM > b a c t e r i a  > HNANO) (Pomeroy 1974). The m agnitude
o f DOM c o n c e n tra t io n s  and f lu x e s ,  abundance o f  b a c t e r i a  and p o s s ib le  
d i v e r s i t y  o f  food so u rc e s  in  marsh system s shou ld  p ro v id e  an optimum 
env ironm ent f o r  h e t e r o f l a g e l l a t e  g row th  and g ra z in g  a c t i v i t y .  S hallow  
e s tu a r in e  en v iro n m en ts , such  as  s a l t  m arshes and a s s o c ia te d  m u d f la ts ,  
p ro v id e  ex tre m e ly  t r a n s i e n t  c o n d itio n s  under which nanop lank ton  dynam ics 
can  be ex p ec ted  to  re a c h  a  maximum v a r i a b i l i t y .  The r e c e n t ly  developed  
e p if lu o re s c e n c e  d i r e c t  co u n t m ethodology (Watson e t  a l .  1977, Haas 1982) 
p ro v id ed  a  v a lu a b le  to o l  f o r  enum eration  and i d e n t i f i c a t i o n  to  ty p e s  of 
HNANO. The i n i t i a l  fo c u s  o f th e  s tu d y  was to  m o n ito r th e  abundance and 
s e a so n a l d i s t r i b u t i o n  o f  HNANO in  m arsh  system  in  o rd e r  to  d e s c r ib e  m ajor 
form s and th e  tim e s c a le s  o f v a r a b i l i t y .  At th e  b e g in n in g  o f th e  s tu d y  
(1978-1979) l i t t l e  in fo rm a tio n  e x is te d  f o r  e i th e r  i n  v i t r o  o r i n  s i t u  
grow th and  g ra z in g  r a t e s .  P r e d ic t iv e  models f o r  p re d a to r -p re y  c y c le s  
based  on en v iro n m en ta l abundances and p ro d u c t iv i ty  r a t e s  were o n ly  
a v a i la b le  f o r  o cea n ic  and  f jo r d  env ironm ents (S ie b u r th  1979, S o ro k in  
1981, F enchel 1982d). P re lim in a ry  la b o ra to ry  in v e s t ig a t io n s  were 
d es ig n ed  to  id e n t i f y  o rgan ism s c u l tu re d  from th e  m arsh and to  m easure 
grow th and  g ra z in g  a t  e n v iro n m en ta lly  r e p r e s e n ta t iv e  te m p e ra tu re s .
The en v iro n m en ta l sam pling  (1978-1980) conducted  in  v a r io u s  s a l t  
m arsh env ironm ents dem o n stra ted  th e  u b iq u ito u s  tem p o ra l and s p a t i a l  
d i s t r i b u t i o n  o f  h e t e r o f l a g e l l a t e s .  D uring  1980, a  f i e l d  m ethodology was 
d es ig n ed  u t i l i z i n g  in  s i t u  in c u b a tio n s  o f  d i f f u s io n  cham bers suspended  in  
a t i d a l  embayment to  d e te rm in e  s e a so n a l in  s i t u  g row th  and g ra z in g  r a te s  
o f HNANO a t  m arsh and m u d fla t s t a t i o n s .  The d i f f u s io n  cham bers w ere a
4m o d ified  M cF eters and S t u a r t  d esig n  d ev e lo p e d  by M. Rhodes and m a c h in is ts  
o f  th e  VIMS s t a f f  (Rhodes e t  a l .  1983). A su p p o rt s t r u c t u r e  was 
c o n s tru c te d  w hich a llo w ed  suspended cham bers to  move i n  t h e  w a te r column 
w ith  t i d a l  f l u c t u a t i o n s .  The methods f o r  sam pling  and en u m era tio n  o f  
HNANO and d e te rm in a tio n  o f  o th e r  p a ra m e te r s ,  i . e .  n u t r i e n t s ,  g lu c o se , 
h e te r o t r o p h ic  u p tak e  o f  l^ C -g lu co se  a t  d i f f e r e n t  t i d a l  s ta g e s  in  a  s a l t  
m a rsh -m u d fla t system , a r e  d e sc r ib e d  i n  C h ap te r I I .  E x p erim en ts  w ere 
i n i t i a t e d  i n  A p r il  1981 and  th e  u se  o f i n  s i t u  d i f f u s io n  cham bers 
combined w ith  e p i f lu o re s c e n c e  a n a ly s is  was a  v a lu a b le  m ethod o f m easu ring  
r a t e s  u n d e r  n a t u r a l  c o n d i t io n s .  R e s u l ts  o f  th e  s e a s o n a l  s tu d y  
d em o n stra ted  th e  p o t e n t i a l  f o r  h igh  g row th  r a t e s  though  seldom  as  h ig h  as  
l a b o ra to r y  r a t e s  and , a l s o  th e  im portance  o f  s h o r t  te rm  sam p lin g .
A nother g ra d u a te  s tu d e n t  (G alvao 1984) w ork ing  in  c o l l a b o r a t io n  w ith  t h i s  
r e s e a rc h  e f f o r t  conducted  a  c o n c u rre n t s tu d y  d esigned  to  d e te rm in e  
m inim al r e s o lu t io n  o r  c h a r a c te r i z e  te m p o ra l v a r i a b i l i t y  o f  th e  
n a n o p lan k to n  community i n  a  s a l t  m a rsh -m u d fla t eco sy stem . D ata from  
th e se  com bined s e a s o n a l s tu d ie s  re v e a le d  t h a t  c o n s id e ra b le  v a r i a t i o n  i n  
n u t r i e n t  c o n d i t io n s  and i n  nanop lank ton  com m unities o c c u r re d  d u rin g  
autumn and  s p r in g  p e r io d s  o f  te m p era tu re  t r a n s i t i o n .  HNANO d u rin g  th e s e  
t r a n s i t i o n  p e r io d s  were a  dom inant com ponent o f th e  n a n o p la n k to n .
Four y e a r s  o f i n  s i t u  chamber e x p e rim e n ts  in  th e  s a l t  m arsh -m u d fla t 
d u rin g  s p r in g  confirm ed th e  p resen ce  o f  s p r in g  bloom assem b lag es  o f 
c h o a n o f la g e l la te  and c o n c u r re n t  blooms o f  c y a n o b a c te r ia .  A com bination  
o f  m e th o d o lo g ie s , i . e .  i n  s i t u  cham bers, e p i f lu o re s c e n c e  and  e le c t r o n  
m ic ro sco p y , was v a lu a b le  f o r  s tudy ing  th e  B pring bloom assem blages o f  
c h o a n o f la g e l l a te s .  R e p l ic a te  samples from  i n  s i t u  d i f f u s i o n  cham bers and
5th e  w ater colum n, p re se rv e d  in  g lu ta ra ld e h y d e , w ere an a ly zed  by b o th  
e p if lu o re s c e n c e  and e le c t r o n  m icroscopy (EM) a n a l y s i s .  A scann ing  
e l e c t r o n  m icroscopy  (SEM) method was m o d ified  to  p re s e rv e  d e l ic a t e  
f l a g e l l a t e d  p ro to zo a n s  (HNANO) and used  i n  com bination  w ith  
e p if lu o re s c e n c e  in  o rd e r  to  b o th  id e n t i f y  HNANO and enum erate  s e q u e n t ia l  
sam ples f o r  HNANO grow th and g ra z in g  r a t e s .
T his d i s s e r t a t i o n  th e n  p ro g re s se s  from  C hapter I I  which f i r s t  
d e s c r ib e s  th e  ty p e s  and abundances o f h e te ro tro p h ic  nanop lank ton  and 
s e a so n a l v a r i a b i l i t y  i n  a  s a l t  m arsh sy stem . The th r e e  s t a t i o n s  i n  th e  
s a l t  m a rsh -m u d fla t system  re p re s e n te d  th r e e  d i s t i n c t  env ironm ents  a t  low 
t i d e .  The s tu d y  a re a  was chosen  because  movement o f  th e  t i d e  co u ld  be 
t r a c e d  and sam pled in  v a r io u s  s ta g e s  th ro u g h  th e  embayment. The a re a  
d ra in e d  a lm o s t co m p le te ly  d u rin g  low t i d e  le a v in g  d i s c r e t e  t i d a l  p o o ls .  
The en v iro n m en ta l sam pling  a t  t h i s  s i t e  was th e  f i r s t  docum entation  o f 
la r g e  tem p o ra l v a r i a b i l i t y  f o r  HNANO d i s t r i b u t i o n s  o v e r  s e v e ra l  s e a so n a l 
c y c le s .  The s tu d y  in v o lv ed  fo u r  d i f f e r e n t  tim e s c a le s  to  m easure th e  
v a r i a b i l i t y  i n  tem poral p a t t e r n s .
C hapter I I I  d e s c r ib e s  th e  in  s i t u  m ethodology developed  to  m easure 
HNANO grow th and g ra z in g  r a t e s .  T his s tu d y  u t i l i z e d  deploym ent o f th e  
cham bers d e s c r ib e d  above equipped  w ith  0 .2 0  and 1 .0  jim p o ly c a rb o n a te  
N uclepore membranes. The c h a p te r  d em o n stra te s  th e  ran g es o f grow th and 
g ra z in g  r a t e s  and c h a r a c t e r i s t i c  r a t e s  and v a r i a b i l i t y  i n  p re d a to r -p re y  
c y c le s .  H e te r o f l a g e l l a te s  in g e s t  b a c t e r i a  a t  r a t e s  w hich may in f lu e n c e  
b a c t e r ia  grow th p h ases .
C hapter IV fo cu ses  on th e  n u t r i e n t  and n an o p lan k to n  dynam ics o f  th e  
autumn and s p r in g  t r a n s i t i o n  p e r io d s . The c h a p te r  d e s c r ib e s  th e  r e s u l t s
6o f th e  c o l la b o r a t iv e  re s e a rc h  e f f o r t  (G alvao , 1984) which was d es ig n ed  to  
m o n ito r  n u t r i e n t s  and nan o p lan k to n  v a r i a t i o n  on a  t i d a l  s c a le  d u r in g  th e  
t r a n s i t i o n  p e r io d s  i n  c o n ju n c tio n  w ith  d a i ly  m o n ito rin g  o f  e n v iro n m en ta l 
n an o p lan k to n  abundances and i n  s i t u  grow th and g ra z in g  e x p e r im e n ts . The 
s tu d y  was an  a tte m p t t o  im prove r e s o lu t io n  o f  f i e l d  sam pling and to  
m o n ito r  th e  v a r io u s  en v iro n m en ta l p a ram e te rs  w hich may in f lu e n c e  
n an o p lan k to n  dynam ics. The in te n s iv e  sam pling  e f f o r t  and g row th  and 
g ra z in g  r a te s  o f HNANO in  d i f f u s io n  cham bers r e v e a ls  u n u su a l phenomenon 
on s h o r t  tim e s c a l e s .  Blooms i n  t i d a l  p o o ls  w ere d u p lic a te d  by s im i la r  
e v e n ts  i n  cham bers, i . e . ,  h e t e r o f l a g e l l a t e  and c y a n o b a c te r ia  bloom s 
( a g g r e g r a te s ) . R e s u lts  dem o n stra ted  o p p o r tu n is t ic  n a tu re  o f HNANO and 
r a p id  dynam ics, u n u su a l n u t r i e n t  dynam ics o f  O ctober, c y a n o b a c te r ia l  
b loom s, and ra p id  re sp o n se  o f HNANO to  optimum c o n d i t io n s .  A n a ly s is  of 
A p r i l  c o n d it io n s  and ex trem es i n  p h y s ic a l  c o n d it io n s  d em o n stra ted  th e  
e u ry th e rm ic  and e u ry h a l in e  c a p a c i t i e s  o r  n a tu re  o f HNANO.
C hap ter V p r e s e n ts  th e  r e s u l t s  o f  in v e s t ig a t io n s  o f s p r in g  bloom 
assem blages th ro u g h  fo u r  s u c c e s s iv e  y e a r s .  The stu d y  d e s c r ib e s  n in e  
c h o a n o f la g e l la te  s p e c ie s  new to  th e  Chesapeake Bay. The com bined u se  o f : 
1) i n  s i t u  m ethods; 2 ) e p if lu o re s c e n c e  a n a ly s i s  f o r  grow th and g ra z in g  
r a t e s ;  and 3) SEM and TEM m ethodology f o r  s p e c ie s  i d e n t i f i c a t i o n  and 
in v e s t ig a t io n  o f fe e d in g  mechanisms d e s c r ib e d  in  t h i s  c h a p te r  r e p r e s e n ts  
th e  c u lm in a tio n  o f  th e  d i s s e r t a t i o n  r e s e a r c h .  T his combined i n  s i t u  
m ethodology and m icroscopy  a n a ly s i s  h o ld s  g r e a t  p o te n t ia l  f o r  id e n t i f y in g  
im p o rta n t HNANO s p e c ie s ,  and d e f in in g  th e  tim e-fram e o f bloom fo rm a tio n , 
d i e l  v a r i a t i o n s ,  and dynam ics ( in c lu d in g  DOM r e l e a s e ,  nutriment 
r e g e n e ra t io n ,  and t r o p h ic  l in k a g e ) .
CHAPTER XI
VARIABILITY OF ESTUARINE NANOPLANKTON ABUNDANCES AND 
BACTERIAL PRODUCTION IN A MARSH-MUDFLAT SYSTEM
INTRODUCTION
W etlands have lo n g  been  re c o g n iz e d  a s  p ro d u c tiv e  and Im p o rta n t 
com ponents o f  e s tu a r i n e  e c o sy s tem s, and a s  s i t e s  o f  in t e n s iv e  DOM c y c lin g  
Pomeroy 1974, Pomeroy e t  a l .  1979 ). M ic ro h e te ro tro p h s , p a r t i c u l a r l y  
b a c t e r i a  and h e te r o t r o p h ic  n an o p lan k to n  (HNANO) o r  s p e c i f i c a l l y ,  
h e te r o t r o p h ic  f l a g e l l a t e s  ( h e t e r o f l a g e l l a t e s )  have a n  e s s e n t i a l  r o l e  in  
r e g u la t in g  dynam ics o f  ca rb o n  f lu x  i n  a q u a t ic  sy stem s (G ast 1985 , S h err 
e t  a l .  1986). N u tr ie n t  and b a c t e r i a l  e n r ic h e d  w a te r  f lu s h in g  s a l t  m arsh  
system s may be e x p e c te d  to  d e m o n stra te  an  a c t iv e  DOM b a c te r ia - p r o to z o a n  
pathw ay (Lackey 1964, N ew ell e t  a l .  1983, W right and C o ff in  1984, Pomeroy 
1984 ). H e te r o f l a g e l l a t e s  (HNANO) in  th e  s iz e  ra n g e  (2  -  20 jim) a re  
u b iq u i to u s  in  e s tu a r in e  sy stem s (S h e r r  e t  a l .  1983) and f r e q u e n t ly  a 
dom inant component o f  th e  e s tu a r in e  ( s a l t  m arsh) n a n o p lan k to n  (Pomeroy 
and Johannes 1968, S o ro k in  1979, 19 8 1 ). R ecent s tu d ie s  d e m o n s tra te  t h a t  
th e  HNANO a re  p r o l i f i c  g r a z e r s  o f b a c t e r i a  and may i n d i r e c t l y  im pact 
d is s o lv e d  carbon  f lu x  by r e g u la t in g  s ta n d in g  s to c k s ,  s p e c ie s  c o m p o s itio n , 
and m e ta b o lic  a c t i v i t y  o f  b a c te r io p la n k to n  (Haas and Webb 1979, F enchel 
1982d, S h e rr e t  a l .  1983, Azam e t  a l .  1983, S h e rr and S h e rr  1983 , W right 
and C o ff in  1984, D av is  and S ie b u r th  1984, D avis e t  a l .  1985, F r i t z  
1986b). A r e c e n t  s tu d y  o f  a  b a c t e r i a  and c i l i a t e  food  web i n d i c a t e s  
s u g g e s ts  t h a t  b a c te r io v o r e  g ra z in g  a c t i v i t y  a l t e r s  th e  DOM p o o l b o th
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8q u a l i t a t i v e l y  and q u a n t i t a t iv e l y  (T a y lo r  e t  a l .  1985). HNANO may 
c o n t r ib u te  d i r e c t l y  to  th e  DOM pool by c e l l u l a r  r e l e a s e .  R esearch ers  
have c a lc u la te d  th a t  30 to  70% o f e s tu a r in e  b a c t e r i a l  p r o d u c t iv i ty  may be 
e x p lo i te d  by HNANO (L in le y  e t  a l ,  1983, F enchel 1982d, S h e rr e t  a l .  1983, 
L andry e t  a l .  1984, W right and C o ffin  1984).
A lthough th e  p o t e n t i a l  im portance  o f  b a c t e r i a l  and b a c te r io v o re  
a c t i v i t y  to  DOM c y c lin g  i n  e s tu a r in e  system s i s  re c o g n iz e d , l i t t l e  
q u a n t i t a t iv e  d a ta  e x i s t s  f o r  th e  s p a t i a l  and tem p o ra l HNANO 
d i s t r i b u t i o n s ,  f o r  th e  i n t e r r e l a t i o n s h ip s  o f  th e  d i f f e r e n t  components o f 
e s tu a r in e  n an o p lan k to n  o v er a n n u a l c y c le s ,  o r  f o r  th e  r a t e s  o f b a c t e r i a l  
p ro d u c t iv i ty  s p e c i f i c  to  sy stem s where th e  HNANO grow th and g raz in g  
p o te n t i a l  has been  d e term ined  (F en ch e l 1982d, S h err and S h e rr  1983).
These ty p e s  o f  d a ta  have been  re p o r te d  r e c e n t ly  f o r  n e a rsh o re  
env ironm ents and  N a rra n g a n se tt Bay (D avis e t  a l .  19 8 5 ), a lth o u g h  
b a c t e r i a l  p r o d u c t iv i ty  d a ta  a r e  s t i l l  la c k in g .
The p o s s i b i l i t y  o f g r a d ie n ts  i n  DOC f lu x  and i n  th e  abundances and 
a c t i v i t i e s  o f  h e te r o tr o p h ic  m icrobes betw een m arsh h a b i t a t s  and l e s s  
e n r ic h e d  r i v e r  w a te rs  has been in v e s t ig a te d  (B ent and G oulder 1981, 
Ferguson and Palumbo 1982, N ew ell and C h r is t i a n  1981, R ublee e t  a l .  1983, 
W right and C o ff in  1983). However most o f th e s e  s tu d ie s  u sed  l a r g e r  
s p a t i a l  s c a le s  (w hole e s t u a r i e s ) .  I n v e s t ig a t io n s  u s in g  sm a ll tim e s c a le s  
p ro v id e  d a ta  o n ly  f o r  b a c t e r i a  f lu c t u a t i o n s ,  w hereas s tu d ie s  which 
p r e s e n t  d a ta  f o r  b o th  HNANO and b a c te r ia  a r e  g e n e ra l ly  conducted  in  non- 
t l d a l  system s and use  l a r g e r  tim e s c a le  sam p lin g , on th e  o rd e r  o f days 
r a t h e r  th a n  h o u r s .  /
T rac ing  DOM pathways and r e s o lu t io n  o f  DOM > b a c te r ia  > HNANO
9i n t e r a c t io n s  in  an e s tu a r in e  system  sh o u ld  in v o lv e  in v e s t ig a t io n  of 
s p a t i a l  and tem pora l d i s t r i b u t io n s  o f v a r io u s  components m ic ro b ia l 
community and b a c t e r i a  p ro d u c tio n , e . g .  h e te ro tro p h ic  u p ta k e  r a te s  o f
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g lu c o se  o r  H -thym id ine , over sm a ll tim e  s c a le s .  T h is  r e q u ir e s  u s in g  
s e v e ra l  d i f f e r e n t  tim e s c a le s  to  acco u n t f o r  th e  in h e re n t  v a r i a b i l i t y  o f  
an  e s tu a r in e  t i d a l  system  and s p a t i a l  s c a le s  to  acco u n t f o r  t i d a l  
a d v e c tio n  o f  nan o p lan k to n  w ith in  e s tu a r in e  en v iro n m en ts . F ac to rs  
in f lu e n c in g  p re sen ce  o r  abundance o f b a c t e r i a  in c lu d e  dorm ancy, 
te m p e ra tu re , B u b s tra te  su p p ly , and g r a z in g .  P rev io u s  s tu d ie s  have shown 
no c l e a r  p a t t e r n  in  d i s t r i b u t io n  o f b a c t e r i a  in  e s tu a r in e  systems o th e r  
th a n  lo w erin g  o f  numbers d u ring  c o ld e r  m onths and th e  p re se n c e  of a  m id - 
e s tu a r in e  peak  (W right and C o ffin  1983, R ublee e t  a l .  19 8 3 ).
R ecent l i t e r a t u r e  in d ic a te s  p la n k to b a c te r ia  a re  m ore numerous and 
un ifo rm  in  d i s t r i b u t i o n  (Ferguson and Palumbo 1979, S le b u r th  1979) and 
a r e  n o t a s  in f lu e n c e d  by s h o r t- te rm  t i d a l  e f f e c t s  as  a r e  e p ib a c te r ia .  
A lthough th e  n a tu re  o f  b a c t e r i a l  p o p u la t io n s  changes o v e r  t i d a l  c y c le ,  
w ith  an  in c re a s e  o f  e p ib a c te r ia  a t  low t i d e ,  t o t a l  num bers o f b a c te r ia  do 
n o t v a ry  (W ilson  and S tevenson  1981). S tu d ie s  have r e p o r te d  sea so n a l 
d e p re s s io n  in  b a c t e r i a  numbers c o r r e l a te d  w ith  d e c re a se s  i n  te m p era tu re s  
o r  s u b s t r a te  su p p ly , b u t most in d ic a te  t h a t  numbers v a ry  l e s s  than  an 
o rd e r  o f  m agnitude (3  -  9 x 10® c e l l s  ml"”*) over an  a n n u a l c y c le , in  
c o n t r a s t  to  th e  l a r g e  se a so n a l ran g e  f o r  o th e r  com ponents of 
n an o p lan k to n . T em perature had been su g g e s te d  a s  a r e g u la t in g  m echanism, 
b u t W right and C o ff in  (1984a) su g g e s t t h a t  te m p era tu re  m ere ly  in f lu e n c e s  
th e  o th e r  f a c to r s  w hich de term ine  f l u c t u a t i o n  in  p la n k to n ic  / b a c t e r i a l  
p o p u la t io n s .  In  p la n k to n ic  e n v iro n m en ts , th e  a c tu a l  d e n s i ty  reached  by
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th e  b a c t e r i a  can  be d e te rm in e d  by th e  way i n  which s u b s t r a t e  su p p ly  and 
g ra z in g  i n t e r a c t .  T a y lo r  e t  a l .  (1985) ta k e s  th e  h y p o th e s is  o f 
r e g u la t io n  o f  b a c t e r i a  th ro u g h  HNANO g r a z e r  c o n t ro l  one s te p  f u r th e r  and 
has shown t h a t  b a c te r io v o re  g ra z in g  a c t i v i t y  r e le a s e s  DOM w hich in  tu r n  
su p p o rts  b a c t e r i a l  p r o d u c t io n .
D e s c r ip t io n  o f  s e a s o n a l  and s p a t i a l  v a r i a t io n s  i n  b a c t e r i a  and HNANO 
abundances may be o b ta in e d  c o n c u r re n t ly  th ro u g h  th e  u se  o f 
e p if lu o re s c e n c e  d i r e c t  c o u n t a n a l y s i s .  T h is  c h a p te r  i n v e s t i g a t e s  th e  
s e a so n a l abundaiices and trophodynam lcs o f  e s tu a r in e  b a c t e r i a  and 
nan o p lan k to n  i n  a  sh a llo w  s a l t  m a rsh -m u d fla t ecosystem  where maximum 
v a r ia t io n  i n  en v iro n m en ta l c o n d i t io n s  may be e x p e c te d . The s e a s o n a l  
f lu c tu a t io n s  in  abundances o f  b a c t e r i a  and  HNANO and th e  s p a t i a l  and 
tem pora l s c a le s  n e c e s sa ry  to  r e s o lv e  any p a t te r n s  o r  i n t e r r e l a t i o n s h i p s  
o f b a c t e r i a ,  HNANO, te m p e ra tu re ,  DOM and b a c t e r i a l  p r o d u c t iv i ty  o r  
a c t i v i t y  w ere in v e s t ig a t e d .  The m a rsh -m u d fla t system  p ro v id ed  th e  
o p p o r tu n i ty  to  observe  d i f f e r e n c e s  a lo n g  a  s p a t i a l  s c a le  ra n g in g  from 
marsh t i d a l  p o o l, c re e k , m u d f la t ,  and r i v e r .  At eb b in g  and f lo o d in g  
t id e s  th e  flo w  o f w a te r  c o u ld  be t r a c e d  th ro u g h  th e  system  and a t  low 
t id e  s e p a r a t e  t i d e  p o o ls  f r e q u e n t ly  form ed in  th e  m arsh -m u d fla t 
en v iro n m en ts . A m ajo r o b je c t iv e  was to  d e te rm in e  d i f f e r e n c e s  betw een 
h igh  t i d e ,  r i v e r  in f lu e n c e d ,  and low t i d e ,  m arsh in f lu e n c e d ,  n an o p lan k to n  
a ssem b lag es . The second m a jo r o b je c t iv e  was to  d e te rm in e  th e  d eg ree  o f  
v a r i a b i l i t y  i n  b a c t e r i a  and HNANO p o p u la t io n s  and b a c t e r i a l  p r o d u c t iv i ty  
( h e te r o t r o p h ic  u p ta k e) by com paring d a ta  based  on d i f f e r e n t  te m p o ra l 
(w eek ly , d a i l y ,  t i d a l  ( h o u r ly )  s c a le s .  I t  i s  n e c e ss a ry  th e /d e te rm in e  th e  
degree o f  v a r i a b i l i t y  on s e v e r a l  tim e  s c a le s  b e fo re  th e  i n t e r -
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r e l a t io n s h ip s  betw een b a c t e r i a  and HNANO abundances and th e  In f lu e n c e  o f 
s e a s o n a l f a c t o r s ,  such a s  te m p era tu re  and s u b s t r a te  su p p ly , can be 
e s ta b l i s h e d .
/
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METHODS AND MATERIALS
The s tu d y  s i t e  i s  a  sm a ll w e ll-d e f in e d  t i d a l  embayment (300 m x 
100m) lo c a te d  a t  CarmineB I s la n d s  (3 7 °1 7 'N , 76°32'W ) i n  th e  Chesapeake 
Bay e s tu a ry .  The embayment opens d i r e c t l y  i n t o  th e  York R iv e r . Three 
s t a t i o n s  w ere e s ta b l i s h e d  w hich re p re s e n te d  a  lo n g i tu d in a l  g ra d ie n t 
betw een m arsh and r i v e r :  S ta t io n  1 , Marsh; S ta t io n  2 , M udfla t; and 
S ta t io n  3 , R iv e r  (F ig . 1 ) .  The sam pling s t r a t e g y  was d es ig n ed  to  
in v e s t ig a t e  tem p o ra l and B p a t ia l  a s p e c ts  o f  n an o p lan k to n  dynamics ra n g in g  
from  a  a s h o r t- te rm  b a s is  (h o u r ly  in t e r v a l s  w i th in  a  t i d a l  cycle  o r  d a i ly  
w ith in  a week) to  a  lo n g -te rm  b a s is  (w eekly i n t e r v a l s ) .  The s p a t i a l  
s c a le  was p ro v id ed  by th re e  s t a t i o n s  a long  th e  t i d a l  embayment. Samples 
w ere c o l le c te d  a t  low t id e  d u r in g  a 7 to  8 day c y c le  each  month from May 
1981 to  May 1982, excep t d u r in g  December and J a n u a ry , when ic e  cover 
p rev en ted  sam p lin g . The second s e r i e s  o f en v iro n m en ta l d a ta  was o b ta in e d  
by sam pling w eekly  o r  b iw eekly  d u rin g  one t i d a l  c y c le  ea c h  week from 21 
J u ly  to  21 December 1982, e x c e p t d u rin g  O ctober when two t i d a l  c y c le s  
were sampled w eekly (G alvao , 1984). A d d itio n a l t i d a l  c y c le s  were sam pled 
in  th e  l a s t  week o f  Jan u ary  and in  m id -A p ril 1983. Sam pling was c a r r i e d  
o u t a t  th e  same tim e  o f day to  m inim ize p h o to p e rio d  e f f e c t s .  Sampling 
I n te r v a l s  b ra c k e t  a l t e r n a t iv e ly  one h ig h  t i d e  o r  one low  t i d e  on 
s u c c e s s iv e  w eeks. The s t a t i o n s  w ere sampled i n  sequence (1 ,2 ,3  o r 3 ,2 ,1 )  
fo llo w in g  th e  d i r e c t io n  o f ebb and f lo o d , r e s p e c t iv e ly .  During low t i d e ,
sh a llo w  t i d a l  p o o ls  formed a t  S ta t io n s  1 and 2 . A ll  th r e e  s ta t io n s  w ere
/
sam pled f o r  each  low t id e  c y c le  and w henever p o s s ib le ,  f o r  h igh  t id e  
c y c le s .  Sam pling d u rin g  th e  autumn and s p r in g  was i n t e n s i f i e d .  Two
F ig u re  1. S tudy s i t e  and s t a t i o n  lo c a t io n s .
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t i d a l  c y c le s  d u rin g  O ctober w ere sam pled w eekly and two c y c le s  (one e a c h , 
h ig h  and low ) w ere sam pled d u rin g  m id -A p r i l .  In  a d d i t io n  sam pling d u r in g  
th e se  p e r io d s  was c a r r i e d  o u t  a t  d a i ly  i n t e r v a l s  d u rin g  th e  week betw een 
t i d a l  c y c le s .
The s u b - s u r fa c e  w a te r  sam ples (2  m l) ta k e n  f o r  d i r e c t  c e l l  co u n ts  
w ere f ix e d  in  0.3% g lu ta ra ld e h y d e  i n  th e  f i e l d .  A l l  h e te r o t r o p h ic  
m icroo rgan ism s were enum era ted  w ith  e p if lu o re s c e n c e  m icro sco p y  (Haas 
1982) w ith  th e  m o d if ic a t io n  o f  in c re a s e d  le n g th  o f g lu ta ra ld e h y d e  
f i x a t io n  (1 to  24 h o u r s ) .  S u b -su rfa c e  w a te r  sam ples (2 0  m l) were 
f i l t e r e d  i n  th e  f i e l d  th ro u g h  precom busted  (2  h a t  480°C ) Whatman GF/F 
f i l t e r s  and and th e  f i l t r a t e  f ro z e n  f o r  d is s o lv e d  g lu c o se  a n a ly s i s .  
G lucose a n a ly se s  w ere perfo rm ed  u s in g  a  s e n s i t i v e  f lu o r o m e tr ic  te c h n iq u e  
developed  by H icks and C arey (1968) f o r  s a l i n e  w a te r s .  The s o lu t io n s  
were re a d  i n  a  T u rner 111 F lu o ro m e te r equ ip p ed  w ith  a  F 4T 5-green  phosphor 
lam p, a  W ra tten  No. 58 e x c i t a t i o n  f i l t e r  o v e r la id  by a  p o la ro id  f i l t e r  to  
red u ce  p o la r iz e d  l i g h t  and a  W ra tten  No. 25 em issio n  f i l t e r .  The c u v e t te  
door c o n ta in e d  a  f lo w -th ro u g h  te m p e ra tu re  s t a b i l i z i n g  c e l l  to  m inim ize 
te m p e ra tu re  in c re a s e s  d u r in g  r e a d in g s .
M ic ro b ia l a c t i v i t y  was q u a n t i ta t e d  a s  th e  u p ta k e  o f  ^ C - la b e le d  
g lu c o se  (C raw ford e t  a l .  1 9 7 3 ) . W ater was sampled from  S ta t io n  1 a t  
e i t h e r  a  h ig h  o r  low t i d e  and  b ro u g h t t o  th e  la b o ra to ry  f o r  f r a c t i o n a t io n  
and in c u b a t io n  a t  e n v iro n m e n ta lly  r e p r e s e n ta t iv e  te m p e ra tu re s  fo r  
a p p ro x im a te ly  2 to  3 h o u rs  ( d u r a t io n  d epend ing  on th e  te m p e ra tu re ) .  Two
s e r i e s  o f 10 ml sam p les , one o f  th e  1 pm and th e  o th e r  o f  th e  15 pm
/
f r a c t i o n a t e d  m arsh w a te r ,  w ere  run  f o r  ^ C  u p tak e  and a n o th e r  
c o rre sp o n d in g  r e p l i c a t e  s e r i e s  were ru n  f o r  CO2  r e s p i r e d .  The 15 pm
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f r a c t io n  c o n ta in e d  a t ta c h e d  b a c te r ia  and m arsh h e t e r o f l a g e l l a t e s  In  
a d d i t io n  to  th e  p red o m in an tly  h e te ro tro p h ic  b a c t e r i a  o f  th e  1 pm 
f r a c t io n .  F i l t e r s  w ere p la c e d  in  to lu e n e -b a se d  s c i n t i l l a t i o n  co u n tin g  
c o c k ta i l  to  d e te rm in e  th e  CPM. C a lc u la t io n s  o f u p ta k e  k in e t i c s  (V 
were perform ed a c c o rd in g  to  Caperon e t  a l .  (19 7 2 ).
C o r re la t io n  a n a ly s i s  were conducted  w ith  d a ta  f o r  d a i ly  samples 
from May 1981 th ro u g h  May 1982 in  o rd e r  to  de te rm in e  i f  any 
s t a t i s t i c a l l y  s i g n i f i c a n t  r e la t io n s h ip s  e x is te d  betw een HNANO and 
b a c te r ia  abu n d an ces , HNANO and te m p e ra tu re , and b a c t e r i a  and 
te m p e ra tu re . For s t a t i s t i c a l  a n a ly se s  o f  J u ly  th ro u g h  December 1982 
sam ples, d a ta  was s e p a ra te d  in to  two w a te r  l e v e l  p e r io d s ;  p e r io d s  of 
h ig h  w ate r l e v e l s  (HW) re p re s e n t  c o n d it io n s  when th e  w a te r  column 
measured >40 cm a t  s t a t i o n  1 , >55 cm a t  s t a t i o n  2 and >65 cm a t  s t a t i o n  
3 , w hereas p e r io d s  o f  low w a te r  (LW) re p re s e n t  <40 cm a t  s t a t i o n  1 , <55 
cm a t  s t a t i o n  2 and <65 cm a t  s t a t i o n  3 . In  a d d i t io n ,  low  v e rsu s  h ig h  
w ate r c o n c e n tr a t io n s  o f  HNANO, b a c t e r i a ,  g lu c o se , and te m p e ra tu re  were 
compared th ro u g h  p lo t t i n g  c o n c e n tra t io n s  a t  low est and h ig h e s t  w a te r 
h e ig h ts .  The low w a te r  c o n c e n tra t io n s  m ost o f te n  r e p r e s e n t  t i d a l  p o o l ' 
a ssem b lag es . Ebb v e rsu s  f lo o d  com parisons were o b ta in e d  by av e rag in g  
c o n c e n tra t io n s  sam pled b e fo re  and a f t e r  low w a te r o r  h ig h  w a te r .
/
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RESULTS AND DISCUSSION
D aily  te m p e ra tu re , s a l i n i t y  and c o n c e n tra t io n s  o f  b a c te r ia  and 
h e t e r o f l a g e l l a t e s  m easured o v e r a season  a t  th e  m arsh  and  m udfla t 
s t a t i o n s  a r e  shown in  F ig u re s  2A,B,C,D and 3A,B,C,D r e s p e c t iv e ly .  
T em perature v a r ie d  s e a s o n a l ly  a t  bo th  s t a t i o n s  from a  h ig h  of 35° t o  a  
low  o f 2°C; w h ile  th e  s e a s o n a l s a l i n i t y  ranged  betw een 13 and 23 p p t .  
B a c te r ia  c o n c e n tra t io n s  v a r ie d  s e a s o n a lly  from  2 .0  x  10^ to  2 .0  x  10^ 
c e l l s  ml- *; w h ile  s e a so n a l h e t e r o f l a g e l l a t e s  abundances ranged betw een 
0 .5  to  24 x 10^ c e l l s  ml“ * . For te m p e ra tu re , s a l i n i t y ,  and HNANO and 
b a c t e r i a  abundances, v a r i a t i o n  between days was as  g r e a t  as betw een 
m onths and i n  a l l  ca se s  th e  m agnitude o f  th e  d a i ly  v a r i a t i o n  was a s  much 
a s  50% o f th e  se a so n a l ra n g e . F igures 4 and 5 a ls o  d em o n stra te  th e  la rg e  
v a r i a b i l i t y  o f  b a c te r ia  and h e t e r o f l a g e l l a t e  abundances on a w eekly  b a s is  
o v e r a  seaso n  ra n g e . D if fe re n c e s  in  abundances a t  th e s e  s h o r te r  te m p o ra l 
( F ig s .  2 , 3 , 4 ,  5) s c a le s  a r e  a s  g re a t  a s  d i f f e r e n c e  i n  seaso n a l 
v a r i a t i o n  betw een summer and  w in te r . The A p r il  1983 d a t a  (F ig . 6 ) f o r  
b a c t e r i a  and nanop lank ton  a t  marsh and m u d fla t s t a t i o n s  f o r  low w a te r  
d e m o n stra te s  more c l e a r ly  th e  la rg e  d a i ly  v a r ia t io n  p o s s ib le  even a t  th e  
same t i d e  s ta g e .  The i n s e t s  f o r  two o f  th e  days show h o u r ly  f lu c tu a t io n s  
d u rin g  t i d a l  c y c le s  b ra c k e tin g  e i th e r  low  (A p r il  13 -  1500) o r h ig h  t i d e  
(A p r i l  18 -  1300). F ig u re  6 in d ic a te s  t h a t  th e  v a r i a t i o n s  in  
c o n c e n tra t io n s  o f bo th  b a c t e r i a  and h e t e r o f l a g e l l a t e s ,  due in  p a r t  to  
t i d a l  a d v e c tio n , may be n e a r ly  equal to  d a i ly  o r even  w eekly d i f f e r e n c e s  
i n  b a c t e r i a  and HNANO abundances. B a c te r ia  in  th e  t i d a l  environm ent vary  
in d e p e n d e n tly  o f  h e t e r o f l a g e l l a t e s  on a  h o u r ly  and d a i l y  b a s is .  D a lly
18
F ig u re  2 . S easonal v a r ia t io n  i n  te m p e ra tu re  (A ), s a l i n i t y  (B ), b a c t e r i a  
(C ), and h e t e r o f l a g e l l a t e s  (D) a t  th e  m arsh s t a t io n  b ased  on 
sam pling a t  d a i ly  i n t e r v a l s  w ith in  m onths from  May 1981 to  
May 1982.
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F ig u re  3 . S easo n a l v a r i a t io n  i n  te m p era tu re  (A ), s a l i n i t y  (B ) , b a c te r ia  
(C ), and h e t e r o f l a g e l l a t e s  (D) a t  th e  m u d fla t s t a t i o n  based 
on sam pling  a t  d a l ly  i n t e r v a l s  w ith in  months from  May 1981 to  
May 1982.
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F ig u re  4 .  S easo n a l v a r i a t i o n  (w eekly i n t e r v a l s  from J u ly  to  December
1982) o f  h e t e r o f l a g e l l a t e  and b a c t e r ia  av e rag e  d e n s i t i e s  from  
two h o u r sam pling I n te r v a l s  d u r in g  ebbing and f lo o d in g  t i d e s  
a t  th e  th re e  s t a t i o n s  (m arsh, m u d f la t,  and r i v e r ) .
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F ig u re  5 .  S easo n a l v a r i a t i o n  ( J u ly  to  December 1982) o v er w eekly 
i n t e r v a l s  o f low w ate r v e rsu s  h ig h  w a te r  abundances of 
h e t e r o f l a g e l l a t e s  and b a c t e r i a  a t  th re e  s t a t i o n s  (m arsh , 
m u d f la t ,  and r i v e r ) .  Low w a te r  v a lu es  r e p r e s e n t  
c o n c e n tra t io n s  from  t i d a l  p o o ls  a t  m arsh  and m u d fla t 
s t a t i o n s .
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F ig u re  6 . D a ily  v a r i a t i o n  i n  te m p e ra tu re ,  s a l i n i t y  and am bien t d e n s i t i e s  
o f h e t e r o f l a g e l l a t e s  and b a c t e r i a  d u r in g  A p r il  1983 a t  th e  
m arsh and  m u d fla t s t a t i o n s .  I n s e t s  show h o u rly  v a r i a t i o n  o v e r 
a  low (13 A p r il  -  1500 h ) and h ig h  (18  A p r i l  -  1300 h ) t i d a l  
c y c le  o f  am bient h e t e r o f l a g e l l a t e ,  b a c t e r i a ,  and a u to tro p h  
d e n s i t i e s .
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sam pling  a t  low w a te r  no c o r r e l a t i o n  betw een HNANO and b a c t e r i a  
c o n c e n tra t io n s ;  n o r  between te m p era tu re  and e i t h e r  HNANO o r  b a c t e r i a .  
However F ig u res  2 and  3 do in d i c a te  low er b a c t e r i a  c o n c e n tr a t io n s  a t  
te m p e ra tu re s  below  150^.
D ata  o b ta in e d  i n  a  second se a so n a l s tu d y  designed  to  r e s o lv e  
tem p o ra l v a r i a b i l i t y  on a t i d a l  Beale (G alvao  1984) a g a in  in d ic a te d  th a t  
s h o r t  te rm  v a r i a b i l i t y  was g r e a t e r  than  s e a s o n a l  ( J u ly  to  December 1982) 
v a r i a b i l i t y .  S t a t i s t i c a l  a n a ly s i s  u s in g  d a i ly  means o f t i d a l  s c a le  
sam pling  confirm ed th e  la c k  o f  c o r r e la t io n  o f  HNANO w ith  b a c t e r i a  
c o n c e n tr a t io n s ,  o f  HNANO w ith  te m p e ra tu re , and in d ic a te d  a s ig n i f i c a n t  
p o s i t i v e  c o r r e l a t i o n  o f b a c t e r i a  w ith  te m p e ra tu re .
G raphs o f  th e  av e ra g es  o f  two to  th r e e  sam ples o f  HNANO and 
b a c t e r i a  abundances on ebbing and f lo o d in g  t i d e  a re  shown i n  F ig u re  4 
w ith  c o n c e n tr a t io n s  a t  ebb p lo t t e d  v e rsu s  f lo o d  over a s e a s o n a l c y c le .  
F ig u re  4 e x h ib i ts  th e  la c k  o f  se a so n a l p a t t e r n  in  h e t e r o f l a g e l l a t e s  
abundances and a  d e c re a se  in  b a c t e r i a  c o n c e n tra t io n s  b eg in n in g  on 
12 O cto b er to  th e  s e a so n a l low  o f 27 O c to b er. Peaks o f  HNANO 
abundance, p a r t i c u l a r l y  a t  th e  m u d fla t s t a t i o n  d u rin g  eb b in g  t i d e  may 
r e f l e c t  p a tc h in e s s  o f  HNANO assem blages i n  t i d a l  w a te rs ,  pehaps due to  
a g g re g a te s  form ing i n  th e  m u d fla t env ironm en t. The low w a te r  v e rsu s  
h ig h  w a te r  graphs ( F ig .  5 ) ,  p lo t  th e  c o n c e n tra tio n  o f b a c t e r i a  and HNANO 
a t  low  w a te r  and h ig h  w a te r . S p e c i f i c a l ly ,  th e  low w a te r  c o n c e n tra t io n  
r e p r e s e n ts  a  sam ple from  th e  t i d a l  poo ls a t  th e  m arsh and m u d fla t 
s t a t i o n s .  The g rap h s  show th e  ex trem es in  am bient v a r i a b i l i t y  between 
t i d a l  s ta g e s  and r e v e a l  peaks o f  HNANO a t  th e  m arsh s t a t i o n  which 
c o rre sp o n d  to  low w a te r  assem blages o f h e t e r o f l a g e l l a t e s  form ing in
29
t i d a l  p o o ls .  The HNANO bloom c o n c e n tra t io n s  (> 4 .0  a  103 ce l l s  m l"1) i n  
November and December con firm  th e  la c k  o f  te m p e ra tu re  c o r r e l a t i o n  b u t 
in d i c a te  th e  im p o rtan ce  o f  th e  p e r io d s  o f  ex tended  low w a te r  ty p i c a l  o f  
th e se  p a r t i c u l a r  t i d a l  c y c le s .  I n te n s iv e  sam pling d u rin g  A p r il  1983 
(F ig .  6 ) re s o lv e d  th e  v a r i a b i l i t y  of nanop lank ton  abundances a t  a 
s h o r te r  o r s m a lle r  tim e s c a le .  The d a i ly  sam pling  a t  maximum low w a te r 
a ls o  r e v e a le d  HNANO peaks o r  fo rm a tio n  o f t i d a l  p o o l assem blages d u rin g  
t i d a l  c y c le s  w ith  p e r io d s  o f  ex tended  low w a te r ,  b u t th e s e  peaks a r e  
q u ic k ly  d i lu te d  by f lo o d in g  t i d e s .  I t  i s  e v id e n t t h a t  on a  s h o r t  tim e 
s c a l e ,  a b s o lu te  c o n c e n tra t io n s  o f b a c t e r i a  v a ry  in d e p e n d e n tly  o f HNANO 
c o n c e n tr a t io n s ;  i t  i s  im p o ss ib le  to  d is c e rn  p re d a to r -p re y  c y c le s  from  
th e  m arsh -m u d fla t en v iro n m en ta l sam pling .
G lucose peak  c o n c e n tra t io n s  a l s o  w ere much h ig h e r  from  th e  m arsh 
s t a t i o n  b o th  on ebb and f lo o d  from m arsh s t a t i o n  (F ig s .  7 ,  8) in d ic a t in g  
perh ap s r e le a s e  o f  DOM from m arsh s o i l s ,  S p a r t in a , and a lg a l  m ats 
(C halm ers e t  a l .  1985, T ay lo r e t  a l .  1985). G lucose c o n c e n tra tio n s  w ere 
c o n s i s te n t ly  g r e a t e r  a t  low w a te r th a n  h ig h  w a te r a t  a l l  th re e  s t a t i o n s ,  
and a l s o  were s i g n i f i c a n t l y  h ig h e r  a t  low t i d e  a t  th e  m arsh s t a t i o n  th a n  
a t  e i t h e r  m u d fla t o r  r i v e r  s t a t i o n s  (G alvao 1984). One co u ld  s p e c u la te  
th a t  th e s e  d if f e r e n c e s  may be r e f l e c t e d  in  th e  l e v e l s  of 
b a c t e r i a l  a c t i v i t y  a t  th e  m arsh s t a t i o n ,  p a r t i c u l a r l y  a t  low 
w a te r .
The glucoBe u p ta k e  h e te ro tro p h y  experim en ts  w ere conducted  u s in g  1 
pm and 15 jim f r a c t i o n s  of th e  am bient b a c t e r i a  and HNANO sampled o ver 
d i f f e r e n t  t i d a l  s ta g e s  a t  th e  m arsh s t a t i o n .  The 15 jim f r a c t io n  
c o n ta in e d  a t ta c h e d  b a c t e r ia  and HNANO w hich th ro u g h  g ra z in g  p re s s u re  may
30
F ig u re  7 . S easo n a l v a r i a t i o n  (w eekly  i n t e r v a l s  from  J u ly  to  December
1982) o f  te m p e ra tu re  and g lu c o se  c o n c e n tra tio n  from  two hour 
sam pling  in t e r v a l s  d u rin g  ebbing  and f lo o d in g  t i d e s  a t  th e  
th re e  s t a t i o n s  (m arsh , m u d f la t ,  and r iv e r ) *
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F ig u re  8 . S easonal v a r i a t i o n  ( J u ly  to  December 1982) o ver w eekly 
i n t e r v a l s  o f low w a te r  v e rsu s  h ig h  w a te r  te m p era tu re  
and g lu c o se  c o n c e n tra t io n  a t  th re e  B ta tio n s  (m arsh , 
m u d f la t ,  and r i v e r ) .  Low w a te r  v a lu e s  r e p re s e n t  
m easurem ents from  t i d a l  p o o ls  a t  m arsh and m u d fla t s t a t i o n s .
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s t im u la te  b a c t e r i a l  a c t i v i t y  th u s  r e s u l t in g  in  h ig h e r  r a t e s  o f  growth 
and u p ta k e . The 14c g lucose u p tak e  and OO2  r e s p i r a t i o n  d a ta  in d ic a te  
h ig h  r a t e s  o f  u p ta k e  fo r  b o th  th e  1 pm and 15 pm f r a c t io n s  w ith  a  range 
o f 0 .0 3  -  1 .66 mgc l" lh " *  and r e s p e c t iv e  means o f  287 pgC l “ ^h“  ^ and 641 
pgC l ” *h-1  (T ab le  1 ) .  The u p tak e  d a ta  was f i t t e d  to  a  s e r i e s  o f  curves 
(F ig s .  9 -1 2 ) to  c a lc u la te  th e  maximum up take  v e lo c i ty  and
in d ic a te d  m u lt ip h a s ic  up take k in e t i c s  o f b o th  k i n e t i c  and d i f f u s io n  
components ( F ig s .  11 , 12)» M u ltip h a s ic  u p tak e  system s may be  an  
a d a p ta tio n  to  m icroenvironm ents where n u t r i e n t  c o n c e n tr a t io n s  f lu c tu a te  
in  b o th  space  and tim e (Azam and Hodson 1981, N isse n  e t  a l .  1984 ). The 
d a ta  f i t t e d  u s in g  a  M ichaelis-M enten  k in e t i c  m odel and th e  m easured 
c o n c e n tra t io n  o f am bient g lu c o se  (Caperon and M eyer, 1972, Webb p e rs .  
comm.) (F ig s .  9 , 10) r e s u l te d  i n  anomalous c u rv e s  p erhaps due to  
in a c c u ra te  ( to o  h ig h ) g lucose  m easurem ents. Vmflv was c a lc u la te d  from 
th e  second s e r i e s  o f curves (F ig s .  11 , 12) f i t t e d  to  th e  d a ta  p o in ts .  
In c lu d ed  in  s e v e r a l  o f th e  g rap h s a r e  th e  p lo t s  o f  th e  s im p l i f ie d  
M ichaelis-M en ten  k in e t i c  model cu rv e  and th e  l i n e a r  d i f f u s io n  component 
w hich d em o n stra te s  th a t  th e  f i t t e d  cu rve r e p r e s e n ts  m u lt ip h a s ic  
k i n e t i c s .  The 1 pm and 15 pm f r a c t io n s  d em o n stra te  s im i la r  cu rv es  fo r  
each o f  th e  d a te s  and , based on l im ite d  d a ta ,  th e  h ig h e r  c o n c e n tra tio n s  
o f a t ta c h e d  b a c t e r i a  in  th e  15 pm f r a c t io n  may c o n t r ib u te  to  h ig h e r  
up take  v a lu e s .
V a r ia t io n  i n  h e te ro tro p h ic  u p tak e  r a te s  ( V ^ )  o r  b a c t e r i a l  
p ro d u c tio n  a ls o  may be c o r r e la te d  to  t i d a l  s t a g e ,  i . e .  h ig h e r  r a t e s  a t  
low t i d e  (N ew ell and C h r is t ia n  1981), and d i f f e r e n c e s  i n  te m p e ra tu re s  
and g lu c o se  c o n c e n tra t io n s .  B a c te r ia l  h e te r o tr o p h ic  a c t i v i t y  ap p ea rs  to
35
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F ig u re  9 H e te ro tro p h ic  u p ta k e  o f  ^ C - l a b e l l e d  g lu c o se  based on k in e t i c  
model and am bient g lu c o se  c o n c e n tra t io n s  f o r  th e  1 Jim 
f r a c t i o n .  G lucose u p tak e  (jig g lu c o se  1” * h- *) i s  p lo t te d  
v e rs u s  g lu c o se  c o n c e n tra t io n  (added p lu s  am bient in  jig 1 ) .
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F ig u re  10. H e te ro tro p h ic  u p tak e  o f  ^ C - l a b e l l e d  g lu c o se  based on k in e t i c  
model and am bient g lu c o se  c o n c e n tra tio n s  f o r  th e  15 pm 
f r a c t i o n .  G lucose u p tak e  (pg  g lu co se  1 h ) i s  p lo t te d  
v e rs u s  g lu c o se  c o n c e n tra t io n  (added p lu s  am bient in  jig  I - 1 ) .
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F ig u re  11 . H e te ro tro p h ic  u p tak e  o f  ^ C - l a b e l l e d  g lu c o se . Curves a r e  
f i t t e d  to  g lu c o se  u p ta k e  v a lu e s  in  ug g lu c o se  I - * h” 1 v e rs u s  
added g lu c o se  (jug 1 ) f o r  th e  1 jam f r a c t io n .  The d i f f u s io n
component ( l i n e a r  u p ta k e ) and k i n e t i c  (M ichaelis-M en ton) 
model c u rv e  a r e  p lo t t e d  in  s e v e ra l  d a te s  t o  d em o n stra te  
m u l t ip h a s ic  u p ta k e .
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F ig u re  12. H e te ro tro p h ic  u p take  o f  ^ C - l a b e l l e d  g lu c o se . Curves a re
f i t t e d  to  g lu c o se  up take v a lu e s  in  ug g lu c o se  1“ * h“ * v e rs u s  
added g lu c o se  (ug 1 ) f o r  th e  15 urn f r a c t i o n .  The d if f u s io n
component ( l i n e a r  u p ta k e ) and k in e t i c  (M ichaelis-M enton) 
model cu rv e  a r e  p lo t te d  i n  s e v e ra l  d a te s  to  dem on stra te  
m u ltip h a s ic  u p ta k e .
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be c o r r e la te d  to  te m p e ra tu re . CC> 2  r e s p i r e d  f o r  b o th  f r a c t i o n s  was 
p o s i t i v e ly  c o r r e l a te d  w ith  te m p e ra tu re  and a l th o u g h  th e r e  was no 
s ig n i f i c a n t  c o r r e l a t i o n  f o r  th e  lo w e s t r a t e  and h ig h e s t  r a t e s  were
m easured a t  th e  lo w es t and h ig h e s t  te m p e ra tu re s , r e s p e c t iv e ly .  T here 
was i n s u f f i c i e n t  d a ta  to  e s t a b l i s h  a  low v e rsu s  h igh  t i d e  c o r r e l a t i o n ,  
a l th o u g h  Vmax f o r  low t i d e  o f s p r in g  and f a l l  w ere g e n e ra l ly  h ig h e r  than  
f o r  h ig h  t i d e  a ssem b lag es . The l im i te d  d a ta  does show th a t  th e  ran g e  o f  
v a r i a b i l i t y  i n  b a c t e r i a l  p ro d u c tio n  d u rin g  s h o r t  tem poral s c a le s  
( in c lu d in g  tim e  s c a le s  based  on t i d a l  s ta g e )  can  be a s  g r e a t  a s  s e a s o n a l 
v a r i a t i o n .  F u r th e r  h e te ro tro p h ic  u p tak e  s tu d ie s  (o r  d e te rm in a tio n s  o f  
b a c t e r i a l  s p e c i f i c  a c t i v i t y )  sh o u ld  be conducted  on s h o r t  tim e s c a le s  
( i . e . *  s u c c e s s iv e  t i d a l  s ta g e s )  i n  o rd e r  to  d e term in e  th e  f u l l  ran g e  o f  
b a c t e r i a l  p ro d u c tio n  in  a m arsh -m u d fla t sy stem . B e t te r  e s tim a te s  o f 
b a c t e r i a l  p ro d u c tio n  f o r  t i d a l  env ironm ents a r e  n e c e ssa ry  b e fo re  th e  
t r a n s f e r  o f  secondary  p ro d u c tio n  to  h ig h e r  t r o p h ic  le v e l s  v ia  HNANO 
in g e s t io n  o f  b a c t e r i a  can be e v a lu a te d  q u a n t i ta t iv e ly *
CHAPTER I I I
SEASONAL HETEROTROPHIC NANOPLANKTON TROPHODYNAMICS -  IN SITU 
DETERMINATIONS OF GROWTH AND GRAZING RATES IN A MARSH-MUDFLAT SYSTEM
INTRODUCTION
The a q u a t ic  m ic ro b ia l  food c h a in  paradigm  o f a  pathway from  
d is s o lv e d  o rg a n ic  m a tte r  (DOM) to  p h ag o tro p h ic  nanozoop lank ton  v ia  
in g e s t io n  o f b a c t e r i a  (Pomeroy 1974) h as  been  confirm ed  u s in g  r e c e n t ly  
developed  e p if lu o re s c e n c e  m ic ro sco p ic  and s ta in in g  te c h n iq u e s  (Azam e t  
a l .  1983, Pomeroy 1984, and S ie b u r th  1984). R ecent re s e a rc h  in d ic a te s  
t h a t  h e te ro tro p h ic  p ro to zo an s  may r e g u la te  s to c k s ,  sp e c ie s  co m p o sitio n , 
and m e ta b o lic  a c t i v i t y  o f  b a c te r io p la n k to n  in  env ironm ents  ran g in g  from 
e s tu a r in e  (W right and C o ffin  1984a,b ) to  o cea n ic  (S ie b u r th  1984, D avis e t  
a l .  1985 ). B a c te r io v o re s  may i n d i r e c t l y  im pact DOM f lu x  th rough  
r e g u la t io n  o f b a c t e r i a l  a c t i v i t y  and in  a d d i t io n ,  may d i r e c t l y  in f lu e n c e  
carbon  c y c lin g  by r e le a s in g  o r  s t im u la t in g  r e le a s e  o f  DOM (S to e c k e r  e t  
a l .  1983, T ay lo r e t  a l .  1985). The p h ag o tro p h ic  nanop lank ton  (HNANO), 
p r im a r i ly  th e  h e te ro tro p h ic  m ic r o f la g e l la te s  ( h e t e r o f l a g e l l a t e s )  ran g in g  
from  2 to  12 pm in  s i z e ,  a r e  n u m e ric a lly  an d , as  b a c te r io v o re s ,  
f u n c t io n a l ly  im p o rta n t component o f  c o a s ta l  e s tu a r in e  system s (S h e rr  and 
S h e rr  1983, S h err e t  a l .  1984, D avis e t  a l .  1985 ). The h ig h  
p r o d u c t iv i ty ,  h ig h  B u b s tra te  and b a c t e r i a  c o n c e n tra t io n s  o f s a l t  m arsh- 
m u d fla t system s re p re s e n t  an  environm ent where th e  r o le  o f
/
m ic ro h e te ro tro p h s  in  th e  m ic ro b ia l trophodynam ics may be q u a n t i ta t e d .  
A lthough much s p e c u la t io n  e x i s t s  co n ce rn in g  th e  r o le  o f  HNANO in  m arine
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ecosystem s based on r e c e n t  enum era tion  te ch n iq u es  u s in g  e p if lu o re s c e n c e  
d i r e c t  coun t and la b o ra to ry  grow th r a t e  d e te rm in a tio n s ,  l i t t l e  
q u a n t i t a t iv e  in fo rm a tio n  i s  a v a i la b le  f o r  i n  s i t u  grow th  and g raz in g  
dynam ics o f  HNANO under n a tu r a l  c o n d i t io n s .
L ab o ra to ry  ex p erim en ts  on grow th and g raz in g  r a t e s  d em o n stra te  th a t  
m ic ro h e te ro tro p h s  a r e  c h a ra c te r iz e d  by h ig h  r a te s  and re sp o n s iv e n e ss  to  
changing  c o n d it io n s  (F en ch e l 1982a, b , c ,  d , Newell e t  a l .  1983, S h e rr  e t  
a l .  1983, D avis and S ie b u r th  1984, S h err and S herr 1984, T a y lo r  e t  a l .  
1 9 8 5 ). These same c h a r a c t e r i s t i c s  in d ic a te  th a t  c u l tu r e s  i s o l a t e d  from  
th e  env ironm ent o r m ic ro b ia l system s s tu d ie d  in  d e f in e d ,  un ifo rm  
la b o ra to r y  environm ents would change q u ic k ly  in  v i t r o  and no lo n g e r  be 
r e p r e s e n ta t iv e  o f  m ic ro b ia l  com m unities i n  th e  n a tu re  (Pomeroy 1985).
Most m ethods f o r  d e te rm in in g  m arine  b a c te r io p la n k to n  growth and 
p ro d u c tio n  r a t e s  u se  b o t t l e  in c u b a tio n s .  They a ls o  r e q u ir e  s e v e ra l  
assu m p tio n s  th a t  can  produce d i f f e r e n t  e s t im a te s  o f s p e c i f i c  grow th 
r a t e s  f o r  th e  same sam ple ( C h r is t i a n  e t  a l .  1982). The e s t im a tio n  o f 
grow th u s in g  freq u en cy  o f  d iv id in g  c e l l s  (FDC) does n o t  r e q u ir e  in  v i t r o  
in c u b a tio n s  bu t th e  r e g re s s io n  o f  grow th r a t e s  of FDC may be in f lu e n c e d  
by n u t r i e n t  c o n c e n tra t io n s  and te m p e ra tu re  (N ewell and C h r is t ia n  1981) 
w hich o f te n  can n o t be d u p lic a te d  in  v i t r o .
B a c te r ia l  p o p u la tio n s  co n fin e d  in  v i t r o  fo r  as  l i t t l e  a s  3-4  h r s  
may no lo n g e r  resem ble th e  o r ig i n a l  p o p u la tio n  a f t e r  (F erguson  e t  a l .  
1984). H e te ro tro p h ic  nanop lank ton  grown in  la b o ra to ry  In c u b a tio n s  
in e v i ta b ly  consume much l a r g e r  o r  d i f f e r e n t  ty p es  ( e . g . ,  c u l tu r a b le )  
b a c t e r i a  th a n  en co u n te red  in  th e  environm ent which i n  tu rn  may a f f e c t  
grow th  and g ra z in g  re sp o n se  (F en ch e l 1982a). The dynamics o f n a tu r a l
47
h e te r o t r o p h ic  nan o p lan k to n  can  n o t be d u p l ic a te d  u n d e r c o n d i t io n s  where 
th e  n a t u r a l  en v iro n m en ta l v a r i a b i l i t y ,  b a c t e r i a l  p o p u la t io n s  and 
m ic ro h a b ita ts  have been  changed , r e p la c e d ,  o r  rem oved. E nv ironm enta l 
m o n ito r in g  and in  s i t u  in c u b a t io n  te c h n iq u e s  sh o u ld  p ro v id e  th e  b e s t  
means o f  u n d e rs ta n d in g  th e  trophodynam ics o f  h e te r o t r o p h ic  nan o p lan k to n  
i n  v a r i a b l e  e s tu a r in e  sy s tem s .
D ire c t  i n  s i t u  m easures o f  b a c t e r i a l  and m ic ro b ia l  community grow th  
have been  employed o n ly  r e c e n t ly .  These in v o lv e  e i t h e r  e n c lo s in g  a 
w a te r  sam ple i n  d i a l y i s  bags o r  d i f f u s io n  cham bers equ ipped  w ith  porous 
p o ly c a rb o n a te  membranes. The e n c lo se d  n an o p lan k to n  p o p u la tio n s  rem ain  
u n d er th e  same p h y s ic a l-c h e m ic a l c o n d i t io n s  as  th e  n a t u r a l  en v iro n m en t. 
The p redom inan t u se  o f  d i f f u s io n  cham bers was to  t e s t  th e  s u r v iv a l  o f 
i n d i c a to r  o rgan ism s such  a s  E s c h e r ic h ia  c o l i  u n d e r r e l a t i v e l y  n a tu r a l  
c o n d i t io n s  f o r  p u b l ic  h e a l th  c o n s id e ra t io n s  (M cFeters and S tu a r t  1972, 
A nderson e t  a l .  1983, Rhodes e t  a l .  1983 ). Chambers o n ly  r e c e n t ly  have 
been  u sed  f o r  d e te rm in a tio n s  o f  i n  s i t u  grow th  o f  n a t u r a l  b a c t e r i a l  
com m unities o r  f o r  o b s e rv a tio n s  o f  n anozoop lank ton  community dynam ics 
(F u rn as  1 9 8 2 a ,b , L andry  e t  a l .  1 9 8 4 ). D ia ly s is  bags have been used 
f r e q u e n t ly  to  m o n ito r community p h y to p la n k to n  and n u t r i e n t  dynam ics i n  
c o a s t a l  ecosystem s (S ie b u r th  19 7 3 ), how ever, dynam ics may be a f f e c t e d  by 
la c k  o f  exchange and m ix ing .
Furnas (1982a) co n ducted  co m p ara tiv e  e x p e rim e n ts  o f  p h y to p la n k to n  
grow th in  d i a l y s i s  bags and d i f f u s io n  cham bers c o n s tru c te d  w ith
p o ly c a rb o n a te  membranes. The h ig h e r  p e rm e a b il i ty  and exchange r a t e s  o f
/
th e  p o ly c a rb o n a te  f i l t e r  membranes o f f s e t  th e  lo w er s u r fa c e  a re a  to  
volume r a t i o  as  compared to  d i a l y s i s  bagB. The d i f f u s io n  cham bers,
48
e s s e n t i a l l y  a  m o d ified  M cFeters and S tu a r t  (1972) d e s ig n , p e rm itte d  
ra p id  grow th o f  m icro p lan k to n  s p e c ie s  a t  low am bient n u t r i e n t  l e v e l s .  
M ic ro f la g e l la te s  and n o n -m o tile  u lt r a p la n k to n  assem blages grew un d er a l l  
c o n d it io n s  te s t e d  in c lu d in g  an e s tu a r in e  environm ent and w et ta b le  
in c u b a tio n s  (F u rnas 1982b). Furnas a l s o  observed  grow th o f  c o lo r le s s  
f l a g e l l a t e d  n an o p lan k to n , a lth o u g h  r a t e s  were much slow er th a n  th o se  o f 
a u to t r o t r o p h ic  fo rm s. Landry e t  a l .  (1984) and T u rley  and L ochte (1985) 
a l s o  were s u c c e s s fu l  in  m easuring  grow th r a te s  in  r e p l i c a t e  experim en ts  
w ith o u t s u s ta in in g  chamber e f f e c t s ,  e . g . ,  b a c t e r i a l  grow th on w a lls  o r 
d e c re a se  i n  d i f f u s io n  o r change in  th e  chem ical continuum  w ith  am b ien t. 
R e s u lts  o f  experim en ts  (L andry  e t  a l .  1984; T u rley  and L och te  1985) in  
o l ig o tro p h ic  o c e a n ic  and n e a rsh o re  env ironm ents have dem onstra ted  th e  
v a lu e  o f  th e  d i f f u s io n  cham bers f o r  i n  s i t u  s tu d ie s  o f n an op lank ton  
dynam ics.
T h is  c h a p te r  i s  th e  second o f  a  s e c ie s  which in v e s t ig a t e s  th e  
nanop lank ton  trophodynam ics o f  a  sm all sh a llo w  B a lt m arsh -m udfla t system  
lo c a te d  in  a  su b e s tu a ry  o f  th e  Chesapeake Bay. The p re v io u s  c h a p te r  
( I I )  d is c u s se d  th e  h ig h  d eg ree  o f s p a t i a l  and tem poral v a r i a b i l i t y  o f 
th e  d i f f e r e n t  components o f  s a l t  m arsh , e B tu a rln e  nanop lank ton  (and th e  
n e c e s s i ty  f o r  sam pling  o v e r  B hort tim e s c a l e s ) .  V a r ia t io n  in  abundance 
on a  d a i ly  b a s is  can  be a s  g r e a t  a s  th e  s e a so n a l v a r i a t io n .
R e la tio n s h ip s  o r  p re d a to r -p re y  c y c le s  a r e  d i f f i c u l t  to  e s t a b l i s h  based  
on th e  v a r i a t io n  in  abundances o f  th e  d i f f e r e n t  components o f th e
en v iro n m en ta l nanop lank ton  p o p u la tio n s .  P a t te r n s  i n  v a r i a b i l i t y  in
/
p o p u la tio n s  o r  d i f f e r e n t  com ponents, i . e . ,  p re d a to r -p re y  c y c le s ,  w ere 
n o t d is c e rn e d .
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The en v iro n m en ta l m o n ito rin g  s tu d y  conducted  from  May 1981 th rough  
A p ril 1983 (C h ap te r I I )  dem o n stra ted  th a t  sh a llo w  t i d a l  poo ls a re  
im p o rta n t env ironm en ts  f o r  h e t e r o f l a g e l l a t e s  assem blages and g lu c o se  
a ccu m u la tio n . One o f  th e  m ajor o b je c t iv e s  o f  th e  f i e l d  e x p e rim e n ta tio n  
p re se n te d  in  t h i s  c h a p te r  and o th e rs  th a t  fo llo w  i s  th e  developm ent o f 
an in  s i t u  m ethodology f o r  q u a n t ify in g  grow th and g ra z in g  r a t e s  o f  
h e t e r o f l a g e l l a t e s  and f o r  q u a n t ify in g  th e  p re d a to r -p re y  in t e r a c t io n s .
Use o f  d i f f u s io n  chambers equipped w ith  N uclepore p o ly c a rb o n a te  
membranes o f  two d i f f e r e n t  po re  s i z e s  allow ed f o r  th e  e s t im a t io n  o f in  
s i t u  h e t e r o f l a g e l l a t e  grow th and g ra z in g  r a t e s  on v a ry in g  assem blages o f 
b a c te r ia  under v a r io u s  en v iro n m en ta l c o n d i t io n s .  A t i d a l  f l o a t  and pool 
su p p o rt s t r u c t u r e  s im u la te d  a  t i d a l  p o o l environm ent o f  ex tended  low 
t id e  and h ig h  B urface a re a  (se d im e n t, w a te r , and a i r  in t e r f a c e s )  
conducive f o r  fo rm a tio n  o f h ig h  nanop lank ton  c o n c e n tr a t io n s .  The m ajor 
goalB o f  t h i s  f i e l d  re s e a rc h  were to  d e f in e  th e  r o le  o f  h e te ro tro p h ic  
nanop lank ton  (HNANO o r h e t e r o f l a g e l l a t e s )  in  m arsh system s 
q u a n t i t a t iv e ly ;  to  d e te rm in e  th e  s e a s o n a l range o f  grow th and g ra z in g  
r a te s  f o r  s a l t  m arsh system  h e t e r o f l a g e l l a t e s ;  and to  d e s c r ib e  p a t te r n s  
o r tim e s c a le s  o f p re d a to r -p re y  in te r a c t io n s  o f th e  m ic ro b ia l 
trophodynam ic paradigm .
I
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methods and materials
F ie ld  S ta t io n s
The m arsh -m udfla t s i t e  o f  th e  HNANO community dynam ics s tu d y  was 
lo c a te d  in  a s m a ll ,  b ra c k is h  (10-22  p p t)  t i d a l  embayment (300 x  100 m) a t  
Carmines I s la n d ,  V irg in ia  (3 7 ° 17 'N , 76°32'W; F ig . 1 ) . The embayment i s  
co n n ec ted  to  th e  York R iv e r  by a  narrow  ch an n e l a t  one end , i a  bo rd ered  
on b o th  s id e s  by a  f r in g in g  S p a r t in a  a l t e r n i f l o r a  m arsh and i s  fed  by a 
t i d a l  c re e k  a t  th e  o th e r  en d . Sampling s t a t i o n  1 (m arsh) was lo c a te d  
w here th e  t i d a l  c re e k  e n te r s  th e  embayment form ing  a sm a ll m arsh t i d a l  
pool a t  low w a te r .  S ta t io n  2 (m u d fla t)  was lo c a te d  in  th e  m idd le  o f  a 
l a r g e  sh a llo w  t i d a l  p o o l form ed in  th e  embayment d u rin g  low  w a te r . 
D if fu s io n  cham bers were suspended a t  th e  r e s p e c t iv e  m arsh and m u d fla t 
s t a t i o n s  in  sh a llo w  w a te r  r e s e r v o i r s  sunk in  th e  s u b s t r a t e ;  t h i s  
a rrangem ent s im u la te d  p ro te c te d  t i d a l  p o o ls  ty p i c a l  o f t h i s  cove m arsh.
F ie ld  Methods
A f i e l d  e x p e rim e n ta l m ethodology was developed  to  o b ta in  in  s i t u  
grow th r a t e s  o f  b a c te r io p la n k to n  and h e te r o tr o p h ic  n a n o f la g e l la te s  
(HNANO) in t e r a c t in g  in  a  m arsh -m udfla t p la n k to n  community u s in g  in  s i t u  
d i f f u s io n  cham bers. D if fu s io n  cham bers were i d e n t i c a l  to  th e  m o d ified  
M c F e te rs -S tu a r t (1972) d e s ig n  employed by Rhodes e t  a l .  (1983) end were 
c o n s tru c te d  o f a u to c la v a b le  Lexan, a  p o ly c a rb o n a te  m a te r ia l .  A d e ta i l e d  
i l l u s t r a t i o n  o f  th e  chamber i s  g iv e n  F ig u re  2 . Chambers h e ld  a  40 ml 
volume and were m o d ified  by a d d i t io n  o f  BUNA-N 0 - r in g s  i n  grooved 
r e t a i n e r  p la te s  and two th re a d e d  sam pling  p o r ts  I n s e r te d  o r  a t ta c h e d  to
F ig u re  X. Study s i t e  and s t a t i o n  lo c a t io n s .
CM
/
F ig u re  2 . Diagram o f d i f f u s io n  cham ber.
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c e n t r a l  s p a c e r ,  s e a le d  w ith  BUNA-B 0 r in g s ,  and f i t t e d  w ith  serum b o t t l e  
s to p p e rs  ( B i t tn e r  C o rp ., N o rc ro ss , GA) and th rea d ed  caps to  p re v e n t 
fo u l in g .  Chambers dep loyed  in  t h i s  s tu d y  w ere f a b r ic a te d  u s in g  
N uclepore p o ly c a rb o n a te  perm eable membranes o f  two d i f f e r e n t  p o re  s i z e s ,  
0 .2 0  and l.Ojum. A s a f f r a n in  dye s tu d y  s im i la r  to  Anderson e t  a l .  (1983) 
dem onstra ted  th a t  th e  0 .2 0  jum membrane cham bers allow ed exchange o f 
d is s o lv e d  su b s ta n c e s  w ith  r e l a t i v e l y  ra p id  rep lacem en t tim e o f 2 to  5 
hou rs and 1 .0  jum cham bers which a llow ed  an  even  more ra p id  rep lacem en t 
tim e o f  2 to  3 hours and exchange h a l f - l i f e  o f  l e s s  th a n  1 hour (F urnas 
1982a). The 0 .2 0  urn chambers r e ta in e d  HNANO and b a c t e r i a  a llo w in g  
chem ical continuum  w ith  am bient and th e  1 .0  jum cham bers r e ta in e d  HNANO 
b u t a llow ed  th e  in te rc h a n g e  and m ain tenance o f  am bient b a c t e r i a  
p o p u la t io n s .
The cham bers were assem bled  by se c u r in g  th e  r e t a i n e r  p la te s  to  th e  
s t e r i l i z e d  c e n t r a l  sp a c e r  w ith  s t a i n l e s s  s t e e l  wing n u ts  and b o ltB ) and 
th e n  w ere t r a n s p o r te d  to  th e  f i e l d .  The in n o c u la ,  c o n s is t in g  o f f r e s h ly  
c o l le c te d  low t i d e  w a te r  from  m u d fla t and marBh s t a t i o n s  g e n t ly  g r a v i ty -  
f i l t e r e d  th ro u g h  N ite x  membranes (<40 jim) was added to  cham bers.
P rev io u s  s e a so n a l ex p erim en ts  ( F r i t z ,  unp u b l. m an.) u s in g  v a r io u s  s iz e  
f r a c t io n s  « 1 5  jim, <40 ^im, and t o t a l )  and am bient sam pling  re v e a le d  low 
d e n s i t i e s  (0  -  40 c e l l s  ml” *) and ex trem ely  p a tch y  d i s t r i b u t i o n  o f 
c i l i a t e s  i n  th e  m arsh -m udfla t sy stem . Because m arsh -m udfla t t i d a l  w ate rs  
f r e q u e n t ly  c o n ta in e d  la r g e  b e n th ic  d ia tom s and f lo c c u le n t  d e t r i t a l  
m a te r ia l ,  th e  <40 jim f r a c t io n a t io n  was used  to  e l im in a te  I n te r f e r e n c e  in  
nan o p lan k to n  enum eration  from  resuspended  m a te r ia l  w h ile  m a in ta in in g  
am bient p a tch y  d i s t r i b u t i o n  o f c i l i a t e s .  Innoculum  o f am bient b a c t e r ia
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c o n c e n tra t io n s  f o r  0 .2 0  jam cham bers were o b ta in e d  by e i t h e r  g e n t le  vacuum 
f i l t r a t i o n  o f  w a te r  th rough  a  1 .0  jum p o ly c a rb o n a te  membrane o r  from a  1 .0  
jum chamber submerged in  th e  w a te r  column and a llo w ed  to  f i l l .  The 
chamber f i l l s  i n  ap p ro x im ate ly  5 m in u tes  w ith  am bient b a c t e r i a l  
c o n c e n tra t io n s  w h ile  e f f e c t iv e l y  e l im in a t in g  p re d a to r s  w ith o u t f i l t e r i n g  
s t r e s s .
Chambers w ere im m ediate ly  suspended in  am bient w a te r  a t  low t i d e  in  
sh a llo w  w a te r r e s e r v o i r s  sunk in to  th e  s u b s t r a t e .  Samples were ta k e n  
w ith in  th e  f i r s t  24 hours and t h e r e a f t e r ,  a t  24 to  48 hour in t e r v a l s  o ver 
a  5 to  7 day p e r io d .  The su p p o rt s t r u c t u r e  c o n s is te d  o f a  f l o a t  th a t  
housed th e  cham bers in  open cages equ ipped  w ith  f lo w -th ro u g h  p le x ig la s s  
b a f f l e s  and a llow ed  chambers to  move th rough  th e  w a te r  column w ith  t i d a l  
f lu c t u a t i o n s ,  y e t rem ain submerged d u rin g  s p r in g  low t i d e  (F ig .  3 ) . 
Samples (2  m l) w ere c o l le c te d  from  sam pling p o r ts  in  th e  chambers u s in g  
s y r in g e s  w ith  22 guage n e e d le s  and p re se rv e d  im m ediate ly  i n  th e  f i e l d  
w ith  6% g lu ta ra ld e h y d e  f o r  e p if lu o re s c e n c e  enum era tion  (Haas 1982). 
E p if lu o re sc e n c e  m icroscopy d i r e c t  coun t a n a ly s i s  o f  d i f f e r e n t  a u to tro p h ic  
and h e te r o tr o p h ic  components o f  th e  chamber m ic ro b ia l  community was used 
to  d e te rm in e  change i n  d e n s i t i e s ,  ty p e s ,  and s iz e s  o f o rgan ism s.
D u p lic a te  l a r g e r  volum e, 10 -  20 ml sam ples f o r  c i l l a t e  en u m era tio n , 
w ere ta k e n  a t  th e  i n i t i a t i o n  and te rm in a t io n  o f  chamber ex p e rim en ts .
Both chamber and c o n c u rre n t en v iro n m en ta l sam ples f o r  am bient 
n an o p lan k to n  community and v a r io u s  p h y s ic a l  p a ram e te rs  were ta k e n  a t  low 
t i d e  o v er a  10 day p e r io d .  D uring th i s  in c u b a tio n  p e r io d , w a te r a t  
s t a t i o n s  f r e q u e n t ly  formed p ro te c te d  t i d a l  p o o ls  a t  low t i d e  d u rin g  which 
tim e a  q u ie sc e n t system  o f m u l t ip le  in t e r f a c e s  (a ir -w a te r - s e d im e n t)  and
F ig u re  3 . Diagram o f su p p o r t s t r u c t u r e  f o r  d i f f u s io n  cham bers.
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m lcro n ich e s  d ev e lo p ed . Q u iescen t c o n d it io n s  c re a te d  In  th e  chambers most 
c lo s e ly  co rresp o n d  to  t h i s  ty p e  o f  environm ent where th e re  i s  l e s s  
tu rb u le n c e . F lu c tu a tio n s  In  nanop lank ton  p o p u la tio n s  a f f e c te d  by 
en v iro n m en ta l v a r i a b i l i t y  in h e re n t  in  m arsh -m u d fla t t i d a l  poo l system , 
can  th u s  be m on ito red  w ith o u t a d v e c tlo n  e f f e c t s .  In  s i t u  d i f f u s io n  
chamber d a ta  and en v iro n m en ta l sam pling f o r  nan o p lan k to n  a t  low t i d e  to  
m inim ize a d v e c tlo n  a f f e c t s  makes p o s s ib le  th e  e v a lu a t io n  o f  s h o r t  term  
c y c le s  i n  p re d a to r -p re y  in t e r a c t io n s .
B a c te r ia  and H e te r o f l a g e l l a te  (HNANO) Growth R ate D e te rm in a tio n s
Growth r a te s  were based  on changes in  d e n s i t i e s  o f  o rgan ism s, 
assum ing e x p o n e n tia l grow th th ro u g h o u t a  sam pling  in t e r v a l  which may be 
d e f in e d  as
Nt  "  oe (ll" d ) t  ( D
and c a lc u la te d  as
ju ■ (lnN t -  lnN0) / t  (2 )
where NQ and Nt  a r e  c e l l  numbers p e r  ml a t  th e  b eg in n in g  and end o f a 
sam pling  in t e r v a l  ( t ) .  The s p e c i f i c  grow th grow th r a t e  was used to  
c a l c u la te  th e  p o p u la tio n  d o u b lin g  tim e , D t( in  h o u r s ) ,  as
Dt -  ln2/ju  (3 )
and d iv i s io n s  p e r  d ay , K(day- ^) as
K -  ju /ln2  x 24 ( 4 ) .
Growth ra teB  o f  b a c t e r i a  (u ^ ) were c a lc u la te d  from  changes in  
n u m erica l d e n s ity  o f b a c t e r i a  in c u b a te d  in  0 .2 0  jum cham bers. R e la tiv e
distribution of sizes and typeB were monitored by frequent sampling (3  to
/
12 hour in t e r v a l s )  o v e r a  2 day p e r io d  o r  u n t i l  p o p u la tio n s  reached  a  
s t a t io n a r y  phase  where b a c t e r i a l  assem blages began to  d e v ia te  from
60
en v iro n m en ta l. The 1 .0  /am b a c t e r i a  chambers c o n ta in e d  env iro n m en ta l 
assem blages o f a c t iv e ly  growing b a c t e r i a  which were m a in ta in e d  th roughou t 
th e  sam pling  p e r io d  due to  exchange o f  am bient b a c t e r i a  and s u b s t r a t e s .  
Comparison o f b a c t e r ia  d e n s i t i e s  i n  th e s e  1 .0  pm c o n t ro l  chambers w ith  
f lu c tu a t io n s  i n  am bient d e n s i t i e s  gave an I n d ic a t io n  o f  when b a c t e r i a l  
grow th was o c c u rr in g  d u rin g  th e  1 .0  jam HNANO grow th e x p e rim e n ts .
H e te r o f l a g e l l a te  grow th r a te s  (p^) f o r  each  m onthly experim ent were 
d e term ined  from  in c re a s e s  in  h e t e r o f l a g e l l a t e  d e n s i ty  in  b o th  0 .2 0  and
1 .0  pm cham bers c o n ta in in g  HNANO assem b lag es . The Dt , and K were 
c a lc u la te d  u s in g  e q u a tio n s  2 - 4  and by u s in g  th e  in c re a s e  in  d e n s ity  
d u rin g  ap p ro x im a te ly  24 hour in t e r v a l s  o f grow th when b a c t e r i a  
assem blages e i t h e r  In c re a s e d  o r  fo llo w ed  am bien t f l u c t u a t i o n s .
G razing  Im pact and G razing  R ate D e te rm in a tio n s
G razing  im pact o r  d e c re a se  in  b a c t e r ia  due to  HNANO g ra z in g  p re s s u re  
was e v a lu a te d  in  0 .2 0  pm chambers by  d i r e c t  com parison  o f b a c te r ia  
d e n s i ty  i n  cham bers w ith  th e  f lu c tu a t io n s  i n  am bient b a c t e r i a  d e n s i ty .
The com parison  o f p lo t s  o f  1 .0  pm HNANO and 1 .0  pm  b a c t e r i a  chambers 
r e v e a l  p o t e n t i a l  g ra z in g  im pact by HNANO u n d er c o n d it io n s  more c lo s e ly  
m im icking am b ien t, i . e . ,  v a ry in g  b a c t e r i a l  a ssem b lag es . F or exam ple, 
g ra z in g  Im pact in  1 .0  pm chambers i s  in d ic a te d  when b a c t e r i a  d e c re a se  in  
HNANO cham bers r e l a t i v e  to  am bient c o n c e n tra t io n s  o r  to  c o n c e n tra t io n s  in
1 .0  jum b a c t e r i a  cham bers.
G razing  r a te s  w ere c a lc u la te d  u s in g  two d i f e e r e n t  approaches o r  two 
d i f f e r e n t  s e t  o f e q u a t io n s .  The f i r s t ,  a s  d e sc r ib e d  by Landpy e t  a l .  
(1 9 8 4 ), In v o lv e s  th e  d e r iv a t io n  o f  maximum c le a ra n c e  and in g e s t io n  r a t e s
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from  e s t im a te s  o f b a c t e r i a  grow th and m o r ta l i ty .  F i r s t  th e  m o r ta l i ty  
c o e f f i c i e n t  i s  d e r iv e d  from  th e  d i f f e r e n c e  betw een th e  b a c t e r i a l  
p o p u la tio n  grow th r a t e s  G»jj) d e te rm in ed  in  th e  0 .2 0  pm b a c t e r i a  chamber 
and th e  observed  r a t e  o f  change o f  th e  b a c t e r i a l  p o p u la tio n  ( r )  
de te rm in ed  in  HNANO cham bers. The observed  r a t e  o f  change o f  b a c t e r i a l  
p o p u la tio n s  i n  cham bers due to  g ra z in g  ( r )  can  th e n  be d e f in e d  as
r  « (lnN t -ln N 0) / t  ** ju -d , (5 )
where p  = b a c t e r i a l  p o p u la tio n  grow th  r a te  and d ** m o r ta l i ty  r a t e ,  b o th  
i n  u n i t s  p e r  h o u r . The m o r ta l i ty  r a t e ,  assumed due to  h e t e r o f l a g e l l a t e  
p re d a t io n ,  th e n  can  be  c a lc u la te d  a s
d *= ;u - r .  (6 )
The c le a ra n c e  r a t e  (F  ** volume c le a re d  o f  p re y  p re d a to r” * h” * o r  d“ *) can 
th e n  be c a lc u la te d  as
F -  d /p  (7 )
by d iv id in g  th e  p r e y 's  o r  b a c t e r i a  m o r ta l i ty  r a t e  by th e  mean d e n s ity  o f 
p re d a to r s  o r  h e t e r o f l a g e l l a t e s  p re s e n t  d u rin g  th e  sam pling i n t e r v a l .
T h is assum es an  e x p o n e n tia l  r a t e  o f  grow th o f  th e  p re d a to r  p o p u la tio n  and 
P i s  c a lc u la te d  as
P » (Xt -X0 ) /ln X t -ln X 0 ) (8 )
In g e s t io n  r a t e  e x p re sse d  a s  av e rag e  number o f  b a c t e r i a  (p re y )  consumed 
p e r  h e t e r o f l a g e l l a t e  ( p r e d a to r ) ” * h“ * o r  d“ *) i s  c a lc u la te d  as  th e  mean 
b a c t e r i a  d e n s i ty  (B) tim es  th e  h e t e r o f l a g e l l a t e  c le a ra n c e  r a t e  (F)
B -  (Xt -X0 )/ln X t -ln X 0 ) (9 )
I  -  F x  B (10)
The second approach  f o r  c a lc u la t in g  maximum in g e s t io n  r p te  (Um) i s  
from  F enchel (1982b) w hich assum es th e  e x p o n e n tia l  grow th r a te s  of
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h e t e r o f l a g e l l a t e  and th e  e v e n tu a l y i e ld  a r e  fu n c tio n s  o f b a c t e r ia  
d e n s i ty .  The maximum In g e s t io n  r a t e  Um o r  b a c t e r i a  consumed p e r  hour 1b 
c a lc u la te d  a s  th e  h e t e r o f l a g e l l a t e  s p e c i f i c  grow th  r a t e  (>0 from 
d i f f u s io n  cham bers d iv id e d  by Y, th e  y i e ld  c o n s ta n t ,
Um “ ju/Y (11)
Y, th e  y ie ld  c o n s ta n t  i s  ex p re ssed  a s  th e  numbers o f  f l a g e l l a t e s  produced 
p e r  b a c te riu m  and i s  c a lc u la te d  as
Y » (Nt -  N0 )/B  (12 )
B i s  th e  i n i t i a l  b a c t e r i a l  c o n c e n tra t io n  o r av e rag e  d e n s ity  o f b a c t e r i a  
when p o p u la tio n s  a r e  n o t changing  in  th e  d i f f u s io n  cham bers. Maximum 
in g e s t io n  r a t e  o r  Um a re  de te rm in ed  i n  0 .2 0  jum cham bers a t  i n i t i a l  s ta g e s  
o f grow th when b a c t e r i a  c o n c e n tr a t io n  and grow th r a te s  were f a i r l y  s t a b l e  
( e . g . ,  ~Dt=24h) and in  1 .0  jim cham bers when b a c t e r i a l  d e n s i t i e s  fo llow ed  
am bien t p a t t e r n s .
/
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RESULTS
H e te r o f l a g e l l a te  assem blages grow ing in  cham bers w ere c h a ra c te r iz e d  
by fo u r  b a s ic  ty p e s  a t  b o th  th e  m arsh and m u d fla t s t a t i o n s .  These 
in c lu d e d  rounded form s (monads and Paraphysom onas) i n  two d i f f e r e n t  s iz e  
ranges  ( " 2 jum and 3-5 jam), c h o a n o f la g e lla te s  (2 -3  jum), sm a ll bodonids 
(2 -4  >im); and e l l i p s o i d  bodonid  3-5 (w) x 7 -10  jum ( 1 ) .  The most 
numerous b i f l a g e l l a t e d  form s were bodonids and Paraphysom onas sp . 
( v e s t i t a ) w hich d em o n stra ted  a g r e a t e r  ran g e  in  s iz e  from  3-4 jim (m ost 
common) to  5-7 jum. An a p o c h lo ro t ic  cryptom onad (p o in te d  b o d y ), a lth o u g h  
n o t ab u n d an t, appeared  th ro u g h o u t th e  y e a r .  Sm all monads and c o l la r e d
O
c h o a n o f la g e l la te s  (1 -3  jum, 15 -  35 jum ) a l s o  were dom inant components 
o f s e a s o n a l a ssem b lag es . Low t id e  assem blages o f  In c re a se d  
h e t e r o f l a g e l l a t e  numbers u s u a l ly  o c c u rre d  in  a s s o c ia t io n  w ith  la r g e r  
b a c t e r i a  ( e p ib a c te r i a )  i n  th e  m arsh t i d a l  p o o l. M udfla t b a c t e r i a l  
assem blages were more v a r ia b le  b o th  i n  ty p e s  and d e n s i ty  th a n  in  th e  
m arsh . M udfla t am bient h e t e r o f l a g e l l a t e  p o p u la tio n s  a l s o  more 
f r e q u e n t ly  r e f l e c te d  n an op lank ton  assem blages im ported  from  th e  r i v e r ,  
p a r t i c u l a r l y  when th e y  w ere dom inated by la r g e  a c h lo r o t ic  cryptom onads 
(p o in te d  b o d ie s )  and la r g e  Paraphysom onas.
The a u to t r o t r o p h ic  component was dom inated by p ra s in o p h y te s  
( Pyram im onas), c h lo ro p h y te s  (M icrom onas. A p e d in e l la ) , h a p to p h y te s , sm a ll 
d in o f l a g e l l a t e s  (K atod in ium . P ro rocen trum . and Gymnodinlum). la r g e  and 
sm a ll cryptom onads, and c e n t r i c ,  c h a in ,  and v e ry  abundant pennate  
d ia to m s , p a r t i c u l a r l y  N i tz c h ia .  The am bient mixed assem blage o f
6 4
a u to tro p h s  (10^ o r  10^ c e l l s  ml” *) u s u a l ly  outnum bered th e
O
h e t e r o f l a g e l l a t e s  (10J c e l l s  ml and w ere g e n e ra l ly  much l a r g e r  (>10 
jim) In  s i z e .  Chambers r e f l e c t e d  th e s e  am bient a ssem b lag es , however th e  
f r a c t io n a t e d  chamber innoculum  c o n ta in e d  reduced  numbers o f l a r g e r  
p h y to p lan k to n  ( i . e . ,  N i tz c h la ) .  T o ta l numbers o f  a u to tro p h s  were w ith in
O ^1
th e  same o rd e r  o f m agnitude (10 c e l l s  ml ) •  The s e a s o n a l p a t te r n  was 
th e  same in  b o th  f r a c t io n a t e d  w a te r  used in  cham bers and am bient w a te r . 
The s e a so n a l p a t t e r n  o f  c i l i a t e s  showed low abundances d u rin g  th e  c o ld e r  
months to  in c re a s in g  numbers i n  l a t e  May and June (1 .0  x 10^ c e l l s  ml” *) 
to  maximum abundance in  J u ly  and A ugust (8  x 10^ c e l l s  ml” * ) .  This 
p a t te r n  o ccu rred  in  b o th  th e  cham bers and th e  env ironm en t.
Sm all (<2jim) a u to tro p h ic  f l a g e l l a t e s  w ere n o t an  Im p o rtan t 
component o f  th e  n a tu r a l  (m arsh -m u d fla t system ) assem b lag e , p re s e n t  
s p o r a d ic a l ly  i n  numbers a t  l e a s t  an  o rd e r  o f m agnitude l e s s  th an  
h e t e r o f l a g e l l a t e s .  O ccasio n a l c y a n o b a c te r ia  blooms o ccu rred  
c o n c u r re n t ly  w ith  h e t e r o f l a g e l l a t e  bloom s. These e v e n ts  w ere g e n e ra lly  
r e p l i c a te d  o r  m ag n ified  i n  chamber p o p u la t io n s .  H e te r o f l a g e l l a te  
assem blages grow ing in  b o th  m arsh and m u d fla t cham bers in c re a s e d  in  
d i v e r s i t y  from  two to  fo u r  o r  f i v e  ty p es  and s i z e s .  Paraphysom onas, 
monad and sm a ll bodonid  ty p e s  in c re a s e d  in  s i z e  range ( i . e . ,  2-4 um to  
4-5  jim) a f t e r  one o r  two d o u b lin g s .
Both b a c t e r i a  and h e t e r o f l a g e l l a t e  grow th r a t e s ,  d e term ined  d u rin g  
each  m onthly e x p e rim en t, w ere q u i t e  v a r i a b le .  C o e f f ic ie n ts  o f  v a r i a t io n  
(CV) f o r  th e  m onthly means ranged  from  10 -  70%. The s e a s o n a l v a r i a t io n  
o f b a c t e r i a  and o f  HNANO mean grow th r a te s  o f th e  murBh and /m udfla t a re  
p lo t te d  f o r  com parison i n  F ig u re  4 . Degree o r  ty p e s  o f v a r i a b i l i t y  of
65
F ig u re  4 M arsh v e rsu s  m u d fla t mean grow th r a t e s  o f b a c te r ia  ( to p )  and 
o f  h e t e r o f l a g e l l a t e s  (bo ttom ) over a  s e a so n a l c y c le  (May 1981 
to  May 1982, O ctober -  November 1982, and A p ril  1983.
/
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m onthly grow th r a t e s  a r e  d em o n stra ted  In  F ig u re s  5 and 8 . R e p re se n ta tiv e  
p a t te r n s  o f p re d a to r -p re y  I n te r a c t io n s  ( d a i ly  v a r i a t io n )  f o r  each  month 
a r e  shown i n  F ig u res  9 th ro u g h  16. The f u l l  ran g e  o f  grow th and g raz in g  
r a t e s  and CVs a re  g iv e n  in  T ab les  1 and 2 .
B a c te r ia  grow th r a t e s  e x h ib i te d  a  sequence o f  d i f f e r e n t  phases 
r e s u l t in g  in  f a i r l y  l a r g e  CV f o r  r a t e s  de te rm in ed  a t  4 hour in t e r v a l s  
d u rin g  th e  24 hour grow th p e r io d . A f te r  24 to  48 hou rs o f  in c u b a tio n ,  
b a c t e r i a l  assem blages e n te re d  a  s t a t io n a r y  phase  in  grow th changed in  
s p e c ie s  com po sitio n  and s i z e  d i s t r i b u t i o n  from  th e  am bient p o p u la tio n .
The s e a s o n a l p a t te r n  o f  b a c t e r i a l  grow th r a t e s  a t  b o th  s t a t i o n s  r e f l e c t s  
th e  la rg e  v a r i a b i l i t y  p o s s ib le  and th e  g e n e ra l tr e n d  f o r  In c re a se d  summer 
r a t e s  (F ig .  4 ) .
H e te r o f l a g e l l a te  grow th r a t e s  d e term ined  d u rin g  m onthly  chamber 
ex p erim en ts  w ere ex trem ely  v a r ia b le  even betw een r e p l i c a t e  cham bers. 
H e te r o f l a g e l l a te  assem blages and b a c t e r i a  i n  each  chamber d em onstra ted  a 
v a r i e ty  o f i n i t i a l  grow th re sp o n se s  in c lu d in g  Im m ediate g ro w th , a  la g  
p h a se , o r  d e c re a se  i n  numbers b e fo re  g row th . P lo t s  o f e s tim a te d  grow th 
r a t e  f o r  June  1981 ( F ig .  1 0 ), d em o n stra te  th e  v a r i a b i l i t y  o f i n  s i t u  
grow th rep o n se  even under r e p l i c a t e d  en v iro n m en ta l c o n d i t io n s .  A lthough 
grow th in  cham bers d id  n o t alw ays b e g in  c o n c u r re n t ly ,  m onthly  means were 
f r e q u e n t ly  s im i la r .  I n i t i a l  g row th  u s u a l ly  o ccu rred  w ith in  th e  f i r s t  24 
hou rs o r  a t  l e a s t  w ith in  48 h o u rs . Growth r a t e s  and p a t te r n s  in  b o th  1 .0  
and 0 .2 0  jim chambers were n o t s i g n i f i c a n t l y  d i f f e r e n t  (p  > 0 .0 5 ) .  Growth 
r a te s  o f th e  two p o re  s iz e  cham bers were pooled  f o r  m onthly av erag es  f o r  
e v a lu a t io n  o f  s e a so n a l p a t te r n s  and m arsh v e rs u s  m u d fla t co m parisons. 
B a c te r ia l  p o p u la tio n s  i n  th e  l a r g e r  po re  s i z e  cham bers m ost f r e q u e n t ly
Ta
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co rresponded  to  am bien t low t i d e  assem blages and abudances.
M onthly av e ra g es  o f s e a s o n a l grow th and g ra z in g  p a ram e te rs  a long  
w ith  c o rre sp o n d in g  am bient and chamber h e t e r o f l a g e l l a t e s  and b a c te r ia  
c o n c e n tra t io n s  d u rin g  maximum p e r io d s  o f grow th f o r  each  s t a t i o n  a re  
p re s e n te d  in  T ab les  1 and 2 . There w ere no s i g n i f i c a n t  d if f e r e n c e s  
betw een m arsh and m u d fla t r a t e s  no r ran g e  in  m onthly means and an n u a l 
av e ra g es  f o r  d i f f u s io n  cham bers a t  m arsh and m u d fla t s t a t i o n s .  CVs f o r  
m onthly  means ranged  from 2 to  82% and 14 -  69% f o r  m arsh and m u d fla t 
r e s p e c t iv e ly .  T o ta l  ran g es  o f  r a t e s  in c lu d in g  th o se  o f  May 1981 th ro u g h  
May 1982, Oct/Nov 1982, and A p r il  1983 w ere la r g e  w ith  a  minimum r a t e  o f  
0 .014  and 0 .016h“ * d e term ined  in  b o th  m arsh and m u d fla t and a  maximum 
r a t e  o f  0 .12h“ * in  th e  m u d fla t and 0 .196h” * in  th e  m arsh . These r a t e s  
in d i c a te  p o t e n t i a l  g e n e ra tio n  tim es o f  43 h o u rs  to  a  d iv i s io n  p o s s ib le  in  
j u s t  3 .5  hours d u rin g  p e r io d s  o f ra p id  g row th .
D e sp ite  l a r g e  ran g es and v a r i a b i l i t y  in  grow th r a t e s ,  th e  range o f 
m onthly  means ( F ig s .  4 and 5) and annual av e ra g e s  f o r  m arsh  (1 .1 5  d- ^) 
and m u d fla t (0 .9 8  d” ^ ) ,  w ere v e ry  s im i la r  (T ab les  1 and 2 ) .  A verages 
in d i c a te  g e n e ra tio n  tim es o f  ap p ro x im ate ly  14 to  17 h o u rs , r e s p e c t iv e ly .  
G e n e ra lly  m ost i n i t i a l  grow th r a t e  d e te rm in a tio n s  co rresp o n d ed  to  
g e n e ra tio n  tim es o f g r e a te r  th a n  12 h o u rs , u s u a l ly  ra n g in g  betw een 20 to  
28 h o u rs ,  i . e . ,  ab o u t one d o u b lin g  p e r  day . Chambers, w hich 
d em o n stra ted  ra p id  change i n  numbers o r  s i z e  o r  ty p es  o f  
h e t e r o f l a g e l l a t e  in  n an o p lank ton  assem blages r e s u l t in g  i n  h ig h  d e n s i t i e s  
o f h e t e r o f l a g e l l a t e s ,  u s u a lly  y ie ld e d  grow th r a t e s  o f g r e a te r  th a n  two 
d o u b lin g s  p e r  day . The upper ran g e  o r  " a c c e le r a te d  r a t e s "  a re  d e f in e d  
h e re  to  in c lu d e  r a t e s  o f  g r e a t e r  th a n  two d o u b lin g s  p e r  day o r  ju“ <0.057
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h " 1 o r <1.37 d"1 . The a c c e le r a te d  r a t e s  u s u a l ly  o ccu rred  when more 
d iv e rs e  assem blages and l a r g e r  s iz e d  h e t e r o f l a g e l l a t e s  and p rey  
p redom inated . Marsh s t a t i o n  grow th r a t e s  d em onstra ted  a s l i g h t l y  g r e a te r  
p e rc e n ta g e  (32%) o f  a c c e le r a te d  r a t e s  th a n  th e  m u d fla t s t a t i o n  (28%). 
O v e ra ll ,  grow th r a t e  d e te rm in a tio n s  in  th e  m arsh -m u d fla t system  In d ic a te  
th a t  ap p ro x im a te ly  72% o f am bient h e t e r o f l a g e l l a t e  r a t e s  f a l l  between 
0.016 and 0 .056  h " 1 .
H e te r o f l a g e l l a te  grow th o ccu rred  a t  a l l  am bient b a c t e r ia  d e n s i t i e s  
en co u n te red  a t  I n i t i a t i o n  o f  in  s i t u  e x p e rim e n ts . These c o n c e n tra t io n s  
ranged from  3 .5  x 10® c e l l s  m l"1 m easured in  F ebruary  to  8 .0  x 10® c e l l s  
ml**! ty p i c a l  o f  summer m onths. As a  r e s u l t ,  i t  was n o t p o s s ib le  to  
d e te rm in e  th e  th re s h o ld  l e v e l  o f  b a c t e r i a l  c o n c e n tra t io n s  n e c e ssa ry  fo r  
h e t e r o f l a g e l l a t e  g row th . The la g  i n  h e t e r o f l a g e l l a t e  grow th d id  n o t 
co rresp o n d  to  low er b a c t e r i a l  c o n c e n tra t io n s  nor was th e re  any 
c o r r e l a t i o n  betw een i n i t i a t i o n  o f grow th r a te s  (ju) and i n i t i a l  b a c t e r i a l  
d e n s i ty  [B] o r  av e rag e  b a c t e r i a l  d e n s i ty  (B) o f  a  grow ing p o p u la t io n . 
Maximum grow th o ccu rred  when b a c t e r ia  c o n c e n tra t io n s  ranged  betw een 3 .6  
-  8 .1 2  x  10® c e l l s  m l"1 and 2 .5  -  12 .5  x 10® c e l l s  m l"1 f o r  m arsh and 
m u d fla t r e s p e c t iv e ly ,  b u t c o n c e n tra t io n s  m ost commonly ranged betw een
4 .5  th ro u g h  8 .0  x 10® c e l l s  ml- 1 . N e ith e r  m agnitude o f  grow th r a t e s  nor 
d e n s i ty  o f  p re d a to r s  ach iev ed  ( s u s ta in e d )  w ere d e n s ity -d e p e n d e n t on 
i n i t i a l  b a c t e r i a  c o n c e n tra t io n  as  p re d ic te d  (F en ch e l 1982b).
C o n c e n tra tio n s  o f h e t e r o f l a g e l l a t e s  grow ing in  d i f f u s io n  cham bers 
w ere f r e q u e n t ly  th r e e  to  tw enty  tim es g r e a t e r  th a n  co rresp o n d in g  am bient 
p o p u la tio n s  (F ig s .  8 -1 7 ) .  Maximum h e t e r o f l a g e l l a t e  c o n c e n tra t io n s  were 
observed  in  d i f f u s io n  cham bers a t  b o th  m arsh and m u d fla t s t a t i o n s  d u rin g
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A p r i l ,  Hay (1981 and 1982), summer m onths, and November 1982 ( F ig s .  9- 
1 7 ) . Peak c o n c e n tr a t io n s ,  o f  g r e a te r  th a n  20 .0  x 10^ c e l l s /m l ,  observed 
in  m arsh  and m u d fla t cham bers were m ost o f te n  dom inated by blooms o f 
c h o a n o f la g e l la te s  and Paraphysomonas B p . One e x c e p tio n  o ccu rred  d u ring  
th e  f a l l ,  November 1982, cham bers dom inated by c y a n o b a c te r ia  and la rg e  
bodonid  and a p o c h lo ro t ic  cryptom onad " p o in te d  body" bloom s. P resen ce  
o f h ig h  h e t e r o f l a g e l l a t e  c o n c e n tra t io n s  i n  chambers co rresponded  to  
p e r io d s  o f h ig h  r a t e s ,  e x c e p t d u rin g  a Septem ber 1981 c h o a n o f la g e l la te  
bloom observed  i n  two cham bers which im m ediate ly  fo llo w ed  a  p ra s in o p h y te  
bloom . T h is bloom o ccu rred  a t  th e  end o f  th e  in c u b a tio n  when th e  
sam pling  i n t e r v a l  may n o t have been f r e q u e n t enough to  r e g i s t e r  a  number 
o f synchronous d iv i s io n s .  A lso maximum av erag e  m onth ly  grow th r a t e s  d id  
n o t alw ays co rresp o n d  to  peak  h e t e r o f l a g e l l a t e  d e n s i ty ;  h ig h  grow th 
r a t e s ,  as  i n  June 1981 (F ig .  10) d id  n o t c o n s i s te n t ly  r e s u l t  i n  h igh  
( i . e . ,  g r e a t e r  th a n  th e  am bien t maximum d e n s i ty )  h e t e r o f l a g e l l a t e  
d e n s i t i e s .
A nnual P a t te rn s
Average m onth ly  grow th r a t e s  and s ta n d a rd  e r r o r s  a re  p lo t t e d  along  
w ith  t e m p e r a tu r e /s a l in i ty  ( F ig s .  5 and 6) to  i l l u s t r a t e  s e a s o n a l grow th 
p a t t e r n s  and th e  la c k  o f s ig n i f i c a n t  c o r r e l a t i o n  (p  > 0 .0 5 )  o f  grow th 
r a t e s  w ith  te m p era tu re  (F ig .  7 ) ,  Annual p a t te r n s  o f mean grow th  r a te s  
(F ig .  4) a re  s im i la r  a t  b o th  s t a t i o n s .  The mean and range  o f  May 1981 
r a t e s  o f  1 .11 d“  ^ (Range 0 .0 2 8  ±  0.057 h- *) a re  v e ry  s im i la r  n o t  on ly  to
May, 1982 (1 .2 4  d” *; 0.027 ±  0 .074h” ^) b u t to  th o se  o f  August 1981
/
(1 .1 3 d “ l ;  0 .027  ± .0 .0 7 4 h “  ) .  Mean r a t e s  a f t e r  A ugust f lu c tu a te d  between 
ju“ 0 .4 0  and 0 .8 0  d“ ^ , in d ic a t in g  average  g e n e ra t io n  tim es o f
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F ig u re  5 . V a r ia b i l i t y  in  m onthly mean h e t e r o f l a g e l l a t e  grow th r a t e s
(w ith  s ta n d a rd  e r r o r )  from  May 1981 to  May 1982 and in c lu d in g  
O ctober -  November 1982 and A p ril 1983 a t  th e  m arsh ( to p )  and 
m u d fla t (bo ttom ) s t a t i o n s .
/
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F ig u re  6 S easo n a l v a r i a t i o n  in  te m p e ra tu re  and s a l i n i t y  a t  th e  m arsh 
( to p )  and m u d fla t (bo ttom ) s t a t i o n s  f o r  com parison w ith  
s e a s o n a l grow th r a t e  cu rv e  ( s e e  F ig u re  5 ) .
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F ig u re  7 . H e te r o f l a g e l l a t e  grow th  r a te s  v e r s u s  te m p e ra tu re  a t  m arsh and 
m u d fla t s t a t i o n s .
/
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a p p ro x im ate ly  24 hou rs  f o r  th e  c o ld e r  m onths. A lthough r a t e s  f o r  
F ebruary  and March were s i m i l a r ,  a  s in g le  a c c e le r a te d  r a t e  m easured in  
F ebruary  a t  th e  m u d fla t in d ic a te d  p o te n t i a l  fo r . h ig h  r a te s  even a t  c o ld e r  
te m p e ra tu re s  ( e . g . ,  <10°C). The p a t t e r n  o f  in c re a s e d  r a te s  in  A p r il  1982 
w ith  in c re a s in g  te m p e ra tu re s  was fo llo w ed  by a  d e c re a se  in  May grow th
r a te s  (c o n c u rre n t w ith  a f u r th e r  in c re a s e  in  te m p e ra tu re )  a t  b o th
s t a t i o n s .  T em peratures in c re a s e d  d u rin g  th e  May 1982 experim en t bu t 
grow th r a t e s  d id  n o t in c re a s e  c o rre sp o n d in g ly . Growth r a te s  o f  May 1982, 
a lth o u g h  s im i la r  to  th o se  o f  th e  p re v io u s  May d ec re a se d  in  com parison
w ith  th e  A p r il  1982 peaks r a t e s .
The A p r i l  1982 and 1983 ex p erim en ts  w ere c a r r i e d  ou t d u rin g  th e  same 
p e rio d  o f  lu n a r  month in  c o n se c u tiv e  y e a rs  and r a t e s  were s im i la r  a t  b o th  
m arsh and m u d fla t s t a t i o n s .  D uring A p r il  1983 two s e r ie s  o f  ex perim en ts  
were c a r r i e d  ou t from  13-22 A p r il  and 18-23 A p r i l .  E nvironm ental 
c o n d i t io n s  d u rin g  th e  f i r s t  s e r i e s  o f  ex p erim en ts  w ere s im i la r  to  A p r il 
1982 a lth o u g h  s a l i n i t i e s  w ere d e p re sse d  by l a t e  w in te r - s p r in g  r a i n f a l l .  
The f i r s t  s e r i e s  o f  A p r il  1983 grow th r a t e s  w ere low er th an  th e  m arsh and 
somewhat h ig h e r  th a n  th e  m u d fla t r a t e s  de te rm in ed  in  th e  p re v io u s  y ea r 
(1 9 8 2 ). The second chamber experim en t was begun when tem p era tu res  
d ec re a se d  below  norm al and produced in c re a s e d  r a t e s  which were com parable 
to  th o se  m easured i n  A p r il  1982 when th e  te m p e ra tu re  range was 
ap p ro x im ate ly  10°C g r e a t e r .  T em peratures were i n  f a c t  low er th a n  th o se  
reco rd ed  in  March b u t in  c o n t r a s t ,  grow th r a t e s  w ere some o f  th e  h ig h e s t
m easured i n  t h i s  s tu d y . These s e r i e s  o f s p r in g  ex p e rim e n ts , conducted
/
when te m p e ra tu re s  f r e q u e n t ly  f l u c t u a t e  around th e  te m p e ra tu re s  (10-15°C) 
no rm ally  c o n s id e re d  b io lo g ic a l ly  l i m i t in g ,  f u r th e r  d em o n stra te s  th e  la c k
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o f p o s i t i v e  c o r r e l a t i o n  (p  > 0 .0 5 )  o f  annual h e t e r o f l a g e l l a t e  grow th 
p a t te r n  w ith  te m p era tu re  ( F ig .  7 ) .
Monthly av erag e  g ro w th  r a t e s  and th e  c o rre sp o n d in g  av e ra g es  f o r  two 
r e p r e s e n ta t iv e  ranges  (d e f in e d  e a r l i e r )  o f r a t e s  observed  d u rin g  i n  s i t u  
experim en ts  a r e  shown i n  F ig u re  8 . These p lo t s  show th e  la r g e  
v a r i a b i l i t y  In  s e a s o n a l grow th p a t t e r n  and in d i c a te  th e  p o t e n t i a l  f o r  
r a p id  grow th th ro u g h o u t th e  y e a r .  The a c c e le r a te d  (h ig h e r  th a n  a v e ra g e ) 
r a t e s  o ccu r d u rin g  each  se a so n  e x c e p t d u rin g  w in te r  months when b a c t e r i a  
c o n c e n tra t io n s  f a l l  to  th e  low er s e a s o n a l ran g e  o f  3 .0  -  4 ,5  x 10^ c e l l s  
ml“ * and b a c t e r i a l  g e n e ra t io n  tim es a r e  g e n e ra l ly  24 hourB . A lthough 
h e t e r o f l a g e l l a t e  grow th ra te B  a re  c o rre sp o n d in g ly  low er d u rin g  th e  w in te r  
ran g e  o f  low er te m p e ra tu re s , o v e r a l l  th e re  was no s ig n i f i c a n t  c o r r e l a t i o n  
o f  th e  r a t e s  w ith  b a c t e r i a l  grow th r a t e s .  Marsh p lo t s  (F ig u re  8) 
in d ic a te  t h a t  th e  two grow th  ran g es  fo llo w  a  s im i la r  an n u a l p a t te r n  w h ile  
m u d fla t grow th ran g es f o r  h e t e r o f l a g e l l a t e s  d em o n stra te  more v a r i a b i l i t y  
p a r t i c u l a r l y  In  June and J u ly .  The m ost obviouB d e v ia t io n  from  th e  
m onthly mean cu rv e  o f m u d fla t r a t e s  o ccu rs  i n  J u ly  when th e  peak can  be 
a t t r i b u t e d  to  a  c h o a n o f la g e l la te  bloom i n  one cham ber. The p o te n t i a l  f o r  
a c c e le r a te d  r a t e s  in  th e  f i r s t  24 h o u rs  o f  in c u b a tio n  i s  d em o n stra ted  i n  
A p r il  1982 m arsh s t a t i o n  f ig u r e  ( F ig .  1 5 ). E p iso d ic  bloomB i n  in d iv id u a l  
cham bers o c c u rre d  f r e q u e n t ly  i n  summer months and c o n t r ib u te d  to  two 
d i f f e r e n t  r a t e  c u rv e s .
D ata a l s o  d em o n stra te  g r e a t  d i f f e r e n c e s  and v a r i a t io n s  i n  th e  
s e a so n a l p a t t e r n  from y e a r  to  y e a r .  The 1981 p a t t e r n  would in d ic a te  a  
d e c re a se  in  a c t i v i t y  w ith  th e  o n se t o f  f a l l  w ith  low er te m p e ra tu re s  and 
d e c re a se d  b a c t e r i a  abundances. However v a lu e s  f o r  th e  autumn 1982
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F ig u re  8 . M onthly mean h e t e r o f l a g e l l a t e  grow th  r a te s  in  com parison 
w ith  two ran g es  o f  grow th r a te s  (1 :  slow  -  ji<0.057 h” *;
2 : f a s t  -  ji>0.057 h ) f o r  marsh ( to p )  and m u d fla t (bo ttom ) 
over a  s e a so n a l c y c le  (May 1981 to  May 1982, w ith  d a ta  from  
O ctober -  November 1982 and A p r il  1983 in c lu d e d ) .
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t r a n s i t i o n a l  p e r io d  e x p e rim e n t, d em o n stra te  v e ry  d i f f e r e n t  r e s u l t s  o r  
re sp o n se . T em peratu res and b a c t e r i a l  p o p u la tio n s  had a l re a d y  d e c lin e d  to  
l e v e l s  c o n s id e ra b ly  low er th a n  Sep tem ber, y e t  cham bers y ie ld e d  much 
g r e a t e r  r a t e s  th a n  in  1981 in c lu d in g  s e v e ra l  a c c e le r a te d  r a t e s .  
T em pera tu re , w hich in c re a s e d  d u rin g  th e  1982 experim en t rem ained 
c o n s id e ra b ly  low er th a n  summer rangeB . R ates  d u rin g  t h i s  f a l l  p e rio d  
were com parable to  o r  g r e a t e r  th a n  summer r a t e s  of th e  p re v io u s  y e a r . 
Growth r a te s  o f v a r io u s  h e t e r o f l a g e l l a t e  com m unities may be q u i te  
v a r ia b le  from  y e a r  to  y e a r .  D if fe re n c e s  among m onthly  mean r a t e s  can n o t 
be a t t r i b u t e d  to  a  s e a s o n a l  p a t t e r n  b u t to  in d iv id u a l  v a r i a b i l i t y  o r 
p a tc h in e s s .  D if fe re n c e s  in  p a t t e r n  o f  mean r a t e s  from  m onth ly  
ex p erim en ts  can n o t be r e l a t e d  to  a s e a s o n a l v a r ia t io n  in  te m p e ra tu re .
D if f e r e n t  p r e d a to r -p re y  in t e r a c t io n s  were observed  th ro u g h  
com parisons o f g rap h s o f  am bient p o p u la tio n s  w ith  th e  g raphs showing th e  
c y c le s  o f  in c re a s e  and d e c re a se  o f  b a c t e r i a  and h e t e r o f l a g e l l a t e s  in  
ex p e rim e n ta l cham bers ( F ig s .  9 -1 7 ) .  The f lu c t u a t i o n  in  h e t e r o f l a g e l l a t e  
and b a c t e r ia  abundances o v er th e  5 to  8 day d i f f u s io n  chamber experim en ts  
i l l u s t r a t e  dynam ics and v a r i a b i l i t y  i n  p re d a to r -p re y  in t e r a c t i o n .  Growth 
cu rv es  from  each  m onth ly  experim en t a t  b o th  s t a t i o n s  d em o n stra te  th e  
d i f f e r e n t  p a t te r n s  p o s s ib le  d u rin g  th e  i d e n t i c a l  tim e p e r io d  and 
en v iro n m en ta l c o n d i t io n s .  D if fe re n c e s  i n  p re d a to r -p re y  in t e r a c t io n s  were 
n o t r e l a t e d  to  th e  s t a t i o n  lo c a t io n .
F ig u re s  9-17 n o t o n ly  r e v e a l  th e  sequence o f in c re a s e  and 
th e  c o n c e n tra t io n  o f  b a c t e r ia  d u rin g  h e t e r o f l a g e l l a t e  grow th b u t in d ic a te  
th e  h e t e r o f l a g e l l a t e  c o n c e n tr a t io n  a t  w hich b a c t e r i a  abundances d e c l in e .  
B a c te r ia  d e n s i t i e s  g e n e ra l ly  co n tin u ed  to  in c re a s e  d u rin g  th e  la g  p e r io d
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F ig u re  9 .  T em peratu re , s a l i n i t y ,  and h e t e r o f l a g e l l a t e  v e rsu s  b a c t e r i a  
d e n s i t i e s  f o r  in  s i t u  d i f f u s io n  chamber and f o r  am bient 
p o p u la tio n s  d u rin g  27 May to  3 June 1981 a t  th e  marsh 
s t a t i o n .
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F ig u re  10. Tem perature* s a l i n i t y ,  and h e t e r o f l a g e l l a t e  v e rsu s  b a c t e r i a  
d e n s i t i e s  f o r  in  s i t u  d i f f u s io n  chamber and f o r  am bient 
p o p u la tio n s  d u rin g  16-27 Ju n e  1981 a t  th e  marsh and m u d fla t 
s t a t i o n s .
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F ig u re  11. T em peratu re , s a l i n i t y ,  and h e t e r o f l a g e l l a t e  v e rs u s  b a c t e r i a  
d e n s i t i e s  f o r  in  s i t u  d i f f u s io n  chamber and f o r  am bient 
p o p u la tio n s  d u rin g  17-26 J u ly  1981 a t  th e  m arsh and m u d fla t 
s t a t i o n s .
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F ig u re  12. T em peratu re , s a l i n i t y ,  and h e t e r o f l a g e l l a t e  v e rsu s  b a c t e r i a  
d e n s i t i e s  f o r  i n  s i t u  d i f f u s io n  chamber and f o r  am bient 
p o p u la tio n s  d u rin g  17-23 A ugust 1981 a t  th e  m arsh and 
m u d fla t s t a t i o n s .
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F ig u re  13. T em pera tu re , s a l i n i t y ,  and h e t e r o f l a g e l l a t e  v e rsu s  b a c t e r i a  
d e n s i t i e s  f o r  in  s i t u  d i f f u s io n  chamber and f o r  am bient 
p o p u la tio n s  d u rin g  23-30 Septem ber 1981 a t  th e  m arsh and 
m u d fla t s t a t i o n s  and d u rin g  4-11 November 1981 a t  th e  m arsh 
s t a t i o n .
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F ig u re  14. T em peratu re , s a l i n i t y ,  and h e t e r o f l a g e l l a t e  v e rsu s  b a c t e r ia  
d e n s i t i e s  f o r  i n  s i t u  d i f f u s io n  chamber and f o r  am bient 
p o p u la tio n s  d u rin g  2-8  F ebruary  1982 a t  th e  m arsh s t a t io n  
and 17-28 March 1982 a t  th e  m arsh and m u d fla t s t a t i o n s .
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F ig u re  15. Tem perature* s a l i n i t y ,  and h e t e r o f l a g e l l a t e  v e rsu s  b a c t e r i a  
d e n s i t i e s  f o r  i n  s i t u  d i f f u s io n  chamber and f o r  am bient 
p o p u la tio n s  d u rin g  17-28 A p r i l  1982 a t  th e  m arsh s t a t i o n .
/
M
ar
sh
 
A
pr
il 
19
82
8
o
n M
a
3
UJ
CJ
UJ
o ,•I
eg
8
3
CD
<©
«w «M
OJ
CV1
CM
UJ
CO
j d d  ' 0 o  | u j JB d  *  e u e i o e g  
|u i  j s d  s o i  x  ta)B ||e6etJO J9iB H
/
□ 
H
ET
ER
O
FL
A
G
EL
LA
TE
S 
A 
TE
M
PE
RA
TU
RE
+ 
BA
CT
ER
IA
 
X 
SA
LI
N
IT
Y
98
F ig u re  16. T em pera tu re , s a l i n i t y ,  and h e t e r o f l a g e l l a t e  v e rsu s  b a c t e r ia  
d e n s i t i e s  f o r  i n  s i t u  d i f f u s io n  chamber and f o r  am bient 
p o p u la tio n s  d u rin g  17-28 A p r i l  1982 a t  th e  m u d fla t s t a t i o n .
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F ig u re  17. T em pera tu re , s a l i n i t y ,  and h e t e r o f l a g e l l a t e  v e rs u s  b a c t e r i a  
d e n s i t i e s  f o r  i n  s i t u  d i f f u s io n  chamber and f o r  am bient 
p o p u la tio n s  d u rin g  19-25 May 1982 a t  th e  m arsh and m udfla t 
s t a t i o n s .
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o f h e t e r o f l a g e l l a t e  g row th , o r  d u rin g  th e  i n i t i a l  24 -4 8  hour p e r io d  when 
h e t e r o f l a g e l l a t e  abundances rem ained c lo s e  to  th e  ran g e  found i n  th e  
w a te r column d u rin g  th e  t i d a l  c y c le ,  i . e . ,  0 .5  -  3 .0  x 1 0 ^ c e l l s  ml- * . 
Chamber b a c t e r i a  c o n c e n tra t io n s  g e n e ra l ly  fo llo w ed  am bien t p a t t e r n s ,  
p a r t i c u l a r l y  e v id e n t i n  th e  l a r g e r  po re  s i z e  ( 1 . 0  M®) chamber where 
g r e a te r  exchange was p o s s ib le .  Chamber b a c t e r i a  c o n c e n tr a t io n s  d i f f e r e d  
m arkedly from  th e  am bient range  o f  f lu c tu a t io n s  on ly  when 
h e t e r o f l a g e l l a t e  c o n c e n tra t io n s  were c o n s id e ra b ly  above am bient bloom 
le v e ls  o f  4 .0  x 10^ c e l l s  ml- * . B a c te r ia  c o n c e n tr a t io n s ,  d ec re ase d  by 
g ra z in g  a c t i v i t y  o f HNAN0 bloom s, a l s o  q u ic k ly  reco v e re d  w ith in  24 hou rs 
and h e t e r o f l a g e l l a t e  numbers re tu rn e d  to  am bien t l e v e l s .  A d e c re a se  in  
b a c te r ia  a f t e r  an  in c re a s e  i n  h e t e r o f l a g e l l a t e  c o n c e n tra t io n s  above 
am bient l e v e l s ,  i e .  > 6  x  1 0 ^ c e l l s  ml- * , may in d ic a te  e i t h e r  a  g ra z in g  
e f f e c t  o r sim ply  a  d e c re a se  r e f l e c t i n g  th e  en v iro n m en ta l v a r i a b i l i t y .
Comparisons o f f lu c tu a t io n s  o f  b a c t e r i a  in  chamber and am bient made 
i t  p o s s ib le  to  e v a lu a te  th e  in f lu e n c e  o f  en v iro n m en ta l v a r i a b i l i t y .  The 
in  s i t u  d i f f u s io n  chamber grow th p a t te r n s  in d ic a te  p r e d a to r -p re y  dynam ics 
a r e  more c lo s e ly  coupled  in  term s o f  tim e s c a le s  th a n  th e  p re v io u s  
p r e d ic t iv e  m odels (F en ch e l 1982d, Laake e t  a l .  1983). These grow th 
cu rv es  ( F ig s .  9 -1 7 ) show sm a lle r  a m p li tu te s  i n  f l u c t u a t i o n s  o f  b a c t e r ia  
th a n  th e  ex trem e f lu c tu a t io n s  o f  th e  p re v io u s ly  re p o r te d  s in u s o id a l  
(bloom and c ra s h )  grow th cu rv es  o r  c y c le s  (F en ch e l 1982d, L ln le y  e t  a l .  
1983, N ewell e t  a l .  1983, Laake e t  a l .  1984, S ie b u r th  1 9 8 4 ). The 
p a t te r n s  o f  In c re a s e  and d e c l in e  o f  i n  s i t u  chamber p re d a to r -p re y  
c o n c e n tra t io n s  were v a r ia b le .  The s e r i e s  o f b a c t e r i a  and sub seq u en t 
h e t e r o f l a g e l l a t e  p eak s , i f  o f f s e t ,  w ere g e n e ra l ly  o u t o f  phase by a  day
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r a th e r  th an  by th e  p r e d ic te d  2  o r  3 d a y s . A s e r i e s  of c o r r e la t io n  
a n a ly se s  f o r  v a r io u s  h e t e r o f l a g e l l a t e  grow th r a t e s  v e rs u s  d e n s i t i e s  o f  
b a c t e r i a l  p rey  (B and B ), and h e t e r o f l a g e l l a t e  p re d a to r s  (p  and P) v e r s u s  
b a c t e r i a l  d e n s i t i e s  (B and B) d u rin g  h e t e r o f l a g e l l a t e  grow th were 
conducted  (T ab le  3 ) .  The o n ly  p o s i t iv e  c o r r e l a t i o n  e x i s te d  between mean 
h e t e r o f l a g e l l a t e  c o n c e n tra t io n s  ( P ) ,  de term ined  a t  th e  50% p o in t in  
grow th cu rve (ha lfw ay  d u r in g  grow th) and mean b a c t e r i a  (B) c o n c e n tra tio n  
d e term ined  i n  th e  same m anner. P o s i t iv e  c o r r e l a t i o n  h e re  In d ic a te s  
p o s s ib le  c o u p lin g  o f h e t e r o f l a g e l l a t e s  and b a c t e r ia  d u r in g  maximum 
p e r io d s  o f g row th . H e te r o f l a g e l l a te  grow th f r e q u e n t ly  co in c id ed  w ith  
in c re a s in g  b a c t e r i a l  d e n s i t i e s  and th e  c o r r e l a t i o n  o f P -p re d a to rs  
(d e te rm in ed  b e fo re  d e n s i t i e s  g r e a t ly  exceeded am b ien t) and B -b a c te r ia  
su p p o r ts  t h i s  c o u p lin g  o f  a c t iv e  g row th .
G razing
G razing  r a t e s  w ere v a r ia b le  d u rin g  in d iv id u a l  cham ber in c u b a tio n s  
and dem o n stra ted  h ig h  d e g re e  o f  v a r i a b i l i t y  among s t a t i o n  r e p l i c a t e s ,  
w ith  a  t o t a l  an n u a l ran g e  o f  chamber m onthly means o f 32-148 b a c t e r i a  
P” * h”  ^ (770-3550 b a c t e r i a  p- * d” * ) .  The ran g e  o f  c le a ra n c e  
and g ra z in g  r a t e s  f o r  any experim en t v a r ie d  a t  n e a r ly  th e  same m agnitude 
o f th e  range o f  m onthly  means observed  th ro u g h o u t th e  y e a r  (0 .1 2  to  0 .5  
u l  d“ * ) .  The m ost common ran g e  o f  c le a ra n c e  r a t e s  was 0 .012  to  0 .018  
u l  h“ l  and g ra z in g  r a t e s  g e n e ra l ly  f e l l  between 50 and 150 b a c te r ia  
P~* h- * , r e s p e c t iv e ly  a t  b o th  s t a t i o n s  th ro u g h o u t th e  y e a r .
C learan ce  r a t e s  m easured a t  th e  m arsh s t a t i o n  a r e  somewhat tyigher th a n  
m u d fla t m onthly means r a t e s .  However when th e  f u l l  ran g e  o f r a t e s  i s
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c o n s id e re d , d i f f e r e n c e s  betw een s t a t i o n s  a re  i n s i g n i f i c a n t .
There was no s ig n i f i c a n t  c o r r e l a t i o n  w ith  te m p e ra tu re  a lth o u g h  th e  
s e a s o n a l f l u c t u a t i o n  i n  r a t e s  was s im i la r  f o r  b o th  s t a t i o n s  (F ig .  1 8 ).
H igh r a t e s ,  g r e a t e r  th a n  100 b a c te r ia  p " l  h“ * » w ere m easured a t  each s t a t i o n  
th ro u g h o u t th e  y e a r ex ce p t w in te r  when r a te s  were g e n e ra l ly  lo w er. T here 
a l s o  was no s i g n i f i c a n t  c o r r e l a t i o n  (p  > 0 .0 5 )  betw een h e te ro tro p h ic  
grow th  and c le a ra n c e  r a t e s  n o r any c o r r e l a t i o n  betw een b a c t e r i a  
c o n c e n tra t io n  and c le a ra n c e  o r  g ra z in g  ra te B  (F ig s .  18 and 1 9 ). Summer 
g ra z in g  r a t e s  w ere q u i te  v a r i a b le ,  how ever cham bers c o n ta in in g  la r g e r  
form s o f b a c t e r i a  g e n e ra l ly  y ie ld e d  h ig h e r  r a t e s .  O b se rv a tio n  o f chamber 
p o p u la tio n s  u s in g  e p if lu o re s c e n c e  d id  r e v e a l  t h a t  l a r g e r  form s o f 
b a c t e r i a  w ere p r e f e r e n t i a l l y  g razed .
H e te r o f l a g e l l a te  c o n c e n tra t io n s  m easured a f t e r  grow th in  cham bers 
w ere alw ays h ig h e r  th an  am b ien t, w h ile  b a c t e r ia  more f r e q u e n t ly  rem ained 
w ith in  th e  am bien t ra n g e . C a lc u la t io n s  o f  t o t a l  b a c t e r i a  consumed by 
chamber HNANO p o p u la tio n  acco u n ted  f o r  a  la rg e  p e rc e n ta g e  o f  b a c t e r i a l  
p o p u la tio n  o r  f o r  one to  two d o u b lin g s  o f  b a c t e r i a .  M onthly g ra z in g  
r a t e s  w ere u sed  to  c a l c u la te  th e  range o f  am bient b a c te r ia  p o p u la tio n  
p o te n t i a l l y  consumed by am bien t c o n c e n tra t io n  o f  f l a g e l l a t e  p re s e n t  a t  
s t a t i o n s  d u rin g  m o n ito red  grow th p e r io d s  (T ab les  1 and 2 ) .  These 
c a lc u la t io n s  in d ic a te d  th a t  am bient c o n c e n tra t io n s  o f  h e t e r o f l a g e l l a t e s  
co u ld  consume, i n  a  24 hour p e r io d , 29% to  >100% o f th e  b a c t e r ia  p re s e n t  
i n  t i d a l  p o o ls .  Thus, b ecau se  av erag e  b a c t e r i a l  g e n e ra t io n  tim es were 
l e s s  th a n  24 h o u rs ,  o r  k > 1  d- * , HNANO b a c te r io v o re s  co u ld  accoun t f o r  
a t  l e a s t  50% o f  m arsh -m u d fla t b a c t e r i a l  p ro d u c tio n  o r  tu rn o v e r .
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F ig u re  18 C lea ran ce  r a t e s  ( p i  d“ * b a c t e r i a - *) v e r s u s  te m p e ra tu re  a t  
b o th  m arsh  and m u d fla t s ta t io n s *
/
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F ig u re  19 . H e te r o f l a g e l l a te  g ra z in g  ( in g e s t io n )  r a t e s  v e rsu s  b a c t e r i a  
c o n c e n tra t io n  o v er a s e a s o n a l c y c le  f o r  m arsh and m u d fla t 
s t a t i o n s .
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DISCUSSION
D iffu s io n  cham bers in c u b a ted  a t  t i d a l  poo l s i t e s  s im u la te d  th e  
q u ie sc e n t environm ent o f  t i d a l  p o o ls  formed on m u d fla ts  o r  in  t i d a l  
c reeks  d u ring  ex ten d ed  low t i d e s .  F ie ld  d e s ig n  and e p if lu o re s c e n c e  
m ethodology made p o s s ib le  exam in a tio n s  o f  i n  s i t u  grow th and g ra z in g  r a t e  
f o r  n a tu r a l  n an o p lan k to n  assem blages which e x p e rie n c e  s h o r t  tim e  s c a le  
env ironm en ta l v a r i a b i l i t y  induced  by f lu c tu a t in g  t i d e s .  S e v e ra l f a c to r s  
a f f e c t  r a te s  o f  grow th and g ra z in g  in c lu d in g  th e  p h y s ic a l en v iro n m en t, 
i n t e r a c t io n  w ith  o th e r  n a n o p lan k to n , n u t r i t i o n a l  s t a t e  o f 
h e t e r o f l a g e l l a t e s , and ty p e ,  s i z e ,  and abundance o f b a c t e r i a l  p re y . Most 
p re v io u s  in v e s t ig a t io n s  (F en ch e l 1 9 8 2 a ,b ,c ,d ; S h e rr  and S h e rr  1983; S h e rr 
e t  a l .  1983, 1984, D avis and S ie b u r th  1984, T ay lo r e t  a l .  1985) have 
u t i l i z e d  c u l tu re d  p o p u la tio n s  o f  h e t e r o f l a g e l l a t e s  and c u l tu r e d  b a c t e r i a  
u n lik e  th o se  n o rm ally  en co u n te red  in  th e  en v iro n m en t. E xperim ents u s in g  
c u l tu r e d  h e t e r o f l a g e l l a t e s  a l s o  e l im in a te  v a r i a b i l i t y  in tro d u c e d  by 
in t e r a c t io n s  o f  mixed p o p u la tio n s  a t  d i f f e r e n t  s ta g e s  o f grow th and 
d i f f e r e n t  n u t r i t i o n a l  s t a t e s .  T his may r e s u l t  i n  an  o v e re s tim a te  o f  in  
s i t u  grow th and g ra z in g  r a t e s .  L a b o ra to ry  ex p erim en ts  a l s o  d em o n stra ted  
th a t  am bient b a c t e r i a l  p o p u la tio n s  q u ic k ly  a d a p t to  h ig h e r  s u b s t r a te s  and 
w ith in  th re e , ho u rs  s h i f t  to  f a s t  grow ing c u l tu r a b le  ty p e s  (Ammerman e t  
a l .  1984, Ferguson 1984, and F r i t z ,  unp u b l. m a n .) . Such an in c re a s e  in  
b a c t e r i a l  s iz e  and u n ifo rm  grow th p a t te r n s  o f  i n  v i t r o  p o p u la tio n s  
r e s u l t s  in  more e f f i c i e n t  h e t e r o f l a g e l l a t e  grow th  and g ra z in g  (F en ch e l 
1 9 8 2 a ,b , Anderson and F enchel 1985; S h err e t  a l .  1983) th a n  am bient
I l l
p o p u la tio n s  e x h ib i te d .
V a r ia b i l i t y  i n  h e t e r o f l a g e l l a t e  and b a c t e r i a  grow th r a te s  a t  bo th  
th e  m arsh and m u d fla t s t a t i o n s  in d ic a te s  th e  wide range  o f  grow th 
re sp o n se  and grow th p o t e n t i a l  f o r  m arsh -m udfla t system  nanop lank ton  
p o s s ib le  th ro u g h o u t th e  y e a r .  T id a l exchange on th e  m arsh -m udfla t 
system  r e s u l t s  i n  a  h ig h  deg ree  o f  p h y s ic a l  d is tu rb a n c e  and 
en v iro n m en ta l v a r i a b i l i t y  w hich may acco u n t f o r  th e  v a r ia b le  i n i t i a l  
grow th re sp o n se  and h ig h e r  p ro p o r tio n  o f s lo w er growing 
h e t e r o f l a g e l l a t e s  in  th e  f i r s t  few hours o f in c u b a tio n .  The la g  in  
grow th observed  in  some cham bers may be due to  s ta rv e d  n u t r i t i o n a l  and 
low  energy  s t a t e  in d ic a te d  by p a le  f lu o re s c e n c e  and h ig h  p o rp o r t io n  o f 
sm a lle r  c e l l s ,  o f te n  c h a r a c t e r i s t i c  o f  th e  am bient p o p u la tio n s  used f o r  
chamber innoculum . D uring a c t iv e  g row th , h e t e r o f l a g e l l a t e  assem blages 
in c re a s e  in  s iz e  and d iv e r s i t y  ( u s u a l ly  from  2 re c o g n iz a b le  ty p e s  to  3-6 
ty p e s)  a f t e r  48 to  72 hou rs  o f in c u b a tio n .  Because o f  th e  g r e a t  
v a r i a b i l i t y  i n  grow th  r a t e s  and p h y s ic a l  changes ( in d iv id u a ls  in c re a s e  
in  s iz e )  o f h e t e r o f l a g e l l a t e  p o p u la t io n s ,  i t  seems p o s s ib le  t h a t  th e  
p o p u la tio n s  undergo synchronous d iv is io n s  once th e  optimum n u t r i t i o n a l  
s t a t e  i s  a ch ie v e d . Sam pling I n te r v a l s  o f  g r e a t e r  th a n  one o r  two ho u rs  
may m iss a  synchronous d iv i s io n .  T h is co u ld  accoun t f o r  th e  h ig h  
numbers o f  h e t e r o f l a g e l l a t e s  in  cham bers where th e  grow th r a t e  
d e te rm in a tio n  d id  n o t y ie ld  a h ig h  r a t e .  Growth r a t e s  de term ined  a t  
s h o r t  (2 -4  hour in t e r v a l s )  w ith  Paraphysom onas dem onstra ted  grow th 
o ccu rs  i n  s h o r t  i n t e r v a l s  fo llo w ed  by s t a t io n a r y  phases d u rin g  which 
h e t e r o f l a g e l l a t e s  may c o n tin u e  fe e d in g . T h is  a g a in  may r e f l e c t  
synchronous d iv i s io n s  and a ls o  d l e l  v a r i a t io n s  i n  grow th p a t te r n s  which
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may be acco u n ted  f o r  i n  f u tu r e  ex perim en ts  by u s in g  a  s e r i e s  o f 
d i f f u s io n  chambers sam pled ( a l t e r n a t e l y )  a t  one o r  two hour I n t e r v a l s .
S ev e ra l r e c e n t  s tu d ie s  have exam ined th e  r e l a t io n s h ip  betw een 
h e t e r o f l a g e l l a t e  grow th and a b s o lu te  b a c t e r ia  c o n c e n tra t io n  (F en ch e l 
1982b, D avis and S ie b u r th  1984 ). D avis and S ie b u r th  (1984) a s s e r te d  
th a t  b a c t e r i a  c o n c e n tra t io n  r a th e r  th a n  ty p e s  was th e  f a c to r  c o n t r o l l in g  
grow th and g ra z in g . T his was based  on th e  assum ption  th a t  th e  p re v io u s  
ex perim en ts  conducted  in  o th e r  geo g rap h ic  a re a s  used  d i f f e r e n t  
en v iro n m en ta l h e t e r o f l a g e l l a t e s  in c u b a te d  w ith  c o rre sp o n d in g ly  d i f f e r e n t  
b a c t e r i a l  p o p u la t io n s .  However none o f  th e  ex p erim en ts  c i t e d  were 
conducted  in  s i t u  and most l i k e l y  re g io n a l  v a r i a b i l i t y  o r  d i f f e r e n c e s  i n  
b a c t e r i a l  ty p e s  has been e l im in a te d  by developm ent o f  la rg e  r a p id ly  
grow ing b a c t e r i a l  p o p u la tio n s  ty p ic a l  o f c u l tu re d  s te a d y - s ta te  
p o p u la t io n s .  C onsequently  th e  h e t e r o f l a g e l l a t e  grow th re sp o n se  to  
d i f f e r e n t  en v iro n m en ta l b a c t e r i a l  p o p u la tio n s  may n o t be a d e q u a te ly  
re p re s e n te d  by p re v io u s ly  c i t e d  r e s u l t s .  The h e t e r o f l a g e l l a t e  grow th 
ex p erim en ts  o f th e se  s tu d ie s  may n o t have u sed  th e  t r u e  ran g e  o f 
b a c t e r i a  endemic Co each  en v ironm en t. In  a d d i t io n  argum ents f o r  
d e n s ity -d e p e n d e n t grow th (F en ch e l 1982b and D avis and S ie b u r th  1984) 
were based  on ex p erim en ts  in v o lv in g  b a c t e r i a l  abundance in  a  range  much 
h ig h e r  ( 1 0 ^ - 1 0 ® c e l l s  ml” *) th a n  en v iro n m en ta l c o n c e n tra t io n s  and th u s  
may n o t r e f l e c t  en v iro n m en ta l dynam ics. B a c te r ia  ty p e s ,  th e n  can  n o t be 
d isc o u n te d  as  a  c o n t r o l l in g  f a c to r  in f lu e n c in g  HNANO grow th and g ra z in g .
T hresho ld  le v e l s  o f b a c t e r i a  n e c e ssa ry  f o r  h e t e r o f l a g e l l a t e  grow th 
w ere e x p e r im e n ta lly  d e te rm in ed  by D avis and S ie b u r th  (1 9 8 4 ) /and A nderson 
and Fenchel (1985)* B a c te r ia  d e n s i t i e s  o f  th e  m arsh -m u d fla t system
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exceeded th e  e x p e r im e n ta lly  determ ined  th re s h o ld  l e v e l s  o f 2 .5  x  1 0  
c e l l s  ml- * (D avis and S ie b u r th  1984) and o f  1 .5  x 10^ c e l l s  ml- * 
(A nderson and F enchel 1985). Because h e t e r o f l a g e l l a t e  grow th was 
observed  o v er th e  e n t i r e  ran g e  o f  f lu c tu a t in g  b a c t e r i a  d e n s i t i e s ,  i t  was 
n o t p o s s ib le  to  e s t a b l i s h  a  th re s h o ld  le v e l  f o r  m arsh -m udfla t 
h e t e r o f l a g e l l a t e s .  N e ith e r  m agnitude o f  grow th r a t e s  nor d e n s i ty  o f 
h e t e r o f l a g e l l a t e  p re d a to r s  ach iev ed  d u rin g  chamber in c u b a tio n s  were 
d e n s ity -d e p e n d e n t on i n i t i a l  b a c t e r i a  c o n c e n tra t io n  a s  p re d ic te d  by 
F enchel (1982b, c ) .  The la c k  o f d i r e c t  c o r r e l a t i o n  between e i t h e r  
am bien t and chamber b a c t e r i a  abundances w ith  h e t e r o f l a g e l l a t e  
c o n c e n tra t io n s  i n  th e  e s tu a r in e  m arsh -m udfla t system  su g g e s ts  th a t  
f a c t o r s  o th e r  th an  b a c t e r i a  d e n s i ty  a f f e c t  grow th o r  g ra z in g  re sp o n se  o f 
am bient p o p u la t io n s .  H e te r o f l a g e l l a te s  growing i n  chambers f r e q u e n t ly  
in c re a s e d  c o n c u r re n t ly  w ith  b a c t e r i a l  grow th in  th e  en v iro n m en ta l 
c o n t ro l  cham bers in d ic a t in g  co u p lin g  o f  grow th r a t e s .  The p o s i t iv e  
c o r r e l a t i o n  o f  b a c t e r i a  p re y  and p re d a to r  h e t e r o f l a g e l l a t e  mean 
c o n c e n tra t io n s  i n  d i f f u s io n  cham bers d u rin g  grow th ( a t  th e  50% grow th 
p o in t )  in d ic a te s  t h a t  h e t e r o f l a g e l l a t e  grow th may be more c lo s e ly  l in k e d  
as a  s h o r t  term  resp o n se  to  grow th r a t e s  o f b a c t e r i a l  p o p u la t io n s .
S easonal p a t te r n s  o f mean HNANO grow th r a t e s  i n  d i f f u s io n  chambers 
a r e  n o t c o r r e la te d  w ith  s e a s o n a l am bient b a c t e r i a l  c o n c e n tr a t io n s  nor 
w ith  te m p era tu re  ra n g e s . V a r ia t io n  in  av erag e  m onthly  r a t e s  observed  
o v er an  an n u a l c y c le  a l s o  may n o t r e p r e s e n t  s e a so n a l v a r i a t i o n .  The 
maximum numbers o f  h e t e r o f l a g e l l a t e s  ( 1 .0  - 3 .0  x 10^ c e l l s  ml- *) 
g e n e ra l ly  o ccu rred  i n  cham bers when te m p e ra tu re s  ranged  betw een 15 and 
25°C. D uring w in te r  months th e  freq u en cy  o r  p e rc e n ta g e s  o f  a c c e le ra te d
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grow th r a te s  was low er and av e rag e  h e t e r o f l a g e l l a t e  d e n s i t i e s  in  
cham bers r a r e ly  exceeded 1 .0  xlO^ c e l l s  ml“ l .  However g r e a t e s t  grow th 
and a c t i v i t y  do n o t alw ays occur d u rin g  th e  warm est m onths, as 
p re v io u s ly  in d ic a te d  by la b o ra to r y  experim en ts  a t  am bient te m p era tu re s  
(S h e rr  e t  al* 1984; D avis e t  a l .  1985)* Growth r a te s  a t  te m p e ra tu re s  
below 15°c i n e i t h e r  th e  m arsh and m u d fla t s t a t i o n s  w ere v a r ia b le  and 
n o t s ig n i f i c a n t l y  low er th a n  th e  range o f  m onthly  o r  av e rag e  annual 
grow th ra te s *  H e te r o f l a g e l l a te  bloom s, w hich dom inated  m ic ro b ia l 
com m unities f ° r  s h o r t  p e r io d s ,  w ere observed  d u rin g  b o th  s p r in g  and f a l l  
t r a n s i t i o n a l  p e r io d s  ( s e e  C hapter 4) when p o p u la tio n s  ex p erien ced  th e  
w id e s t te m p e ra tu re  ra n g e s . T em perature th e n , was n o t a  l im i t in g  f a c to r  
f o r  h e t e r o f l a g e l l a t e  g ro w th , e i t h e r  in  la b o ra to r y  experim en ts  ( F r i t z ,  
u n p u b l. man*) ° t  d u rin g  th e  m arsh -m udfla t in  s i t u  chamber ex p e rim e n ts .
Both am bient and d i f f u s io n  chamber r e s u l t s  i n d i c a te  th a t  f a c to r s  
in f lu e n c in g  h e t e r o f l a g e l l a t e  grow th r a t e s  in c lu d e  v a r ia b le  b a c t e r i a l  
grow th r a t e s  and m ic ro p lan k to n  g ra z in g  p r e s s u re .  H e te r o f l a g e l l a te  
grow th r a t e s  o f te n  w ere s im i la r  to  h ig h  b a c t e r i a  grow th r a t e s  d u rin g  
blooms o r  p e r io d s  o f h ig h  grow th ( i . e . *  more th a n  two d o u b lin g s  p e r  
d a y ) .  I n  tu r n ,  th e  low er h e t e r o f l a g e l l a t e  grow th  r a t e s  d u rin g  w in te r  
months may r e f l e c t  th e  c o u p lin g  o f h e t e r o f l a g e l l a t e s  w ith  low er b a c t e r i a  
g row th , r a th e r  th a n  a  d i r e c t  te m p e ra tu re  e f f e c t .  A lthough th e  
c o r r e l a t i o n  betw een te m p e ra tu re  and b a c t e r i a l  grow th  in  th e  m arsh- 
m u d fla t system  was n o t s i g n i f i c a n t ,  low er b a c t e r i a l  grow th r a te s  ty p ic a l  
o f w in te r  have been c o r r e la te d  to  d ec re ase d  te m p e ra tu re s  in  o th e r  
a q u a t ic  env ironm ents (F erguson  and Rublee 1976, W right and C o ffin  1983).
High c o n c e n tra t io n s  o f  am bient h e t e r o f l a g e l l a t e s  o ccu r i n  c o ld e r
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months even  though grow th r a t e s  a re  m oderate ( l e s s  th a n  two d o u b lin g s  p e r  
d a y ); c o n c e n tra t io n s  observed  d u rin g  w in te r  months f r e q u e n t ly  w ere 
g r e a te r  th a n  d u rin g  months when te m p e ra tu re s  ranged  betw een 15-25°C.
T his may be a t t r i b u t e d  to  th e  c o n s id e ra b le  r e d u c t io n  in  l e v e l s  o f 
n an op lank ton  p re d a to rB , e . g . ,  c i l i a t e s  and m o llu scan  l a r v a e ,  d u rin g  th e  
c o o le r  months (w in te r  and s p r in g )  and reduced  g ra z in g  p r e s s u r e .  D uring 
th e  summer, grow th r a t e s  a r e  h ig h  b u t g ra z in g  p re s s u re  by numerous 
m ic ro p lan k to n  p re d a to r s  may In c re a s e ,  th u s  p o t e n t i a l l y  c a u s in g  g r e a t e r  
f lu c tu a t io n s  i n  d e n s i t i e s  o f  Bummer h e t e r o f l a g e l l a t e  p o p u la tio n s .
F u r th e r  in v e s t ig a t io n s  o f  g ra z in g  e f f e c t s  by m ic ro p lan k to n  p r e d a to r s  on 
h e t e r o f l a g e l l a t e s  sh o u ld  use  s m a lle r  s i z e  f r a c t io n s  (<5 o r  8  pm) to  
e n su re  c i l i a t e  f r e e  f r a c t i o n s .  E xperim ents w ith  d i f f e r e n t  known 
c o n c e n tra t io n s  o f c i l i a t e s  o r  o th e r  m ic ro p lan k to n  sh o u ld  be conducted  to  
e s t a b l i s h  r a t e s  in  t h i s  a p p a re n tly  t i g h t l y  coup led  t ro p h ic  l in k a g e .
S easo n a l o b s e rv a t io n s ,  p a r t i c u l a r l y  d u rin g  c y a n o b a c te r ia l  bloom s, 
in d ic a te d  th a t  grow th o f  h e t e r o f l a g e l l a t e s  a l s o  may be s tro n g ly  
in f lu e n c e d  by b a c t e r i a l  ty p e  o r  s t a b i l i t y  o f  an  env iro n m en t, i . e . ,  
m ic ro a g g re g a te s  o r  o th e r  s ta g n a n t h ig h  s u r fa c e  a r e a  n ic h e s ,  and type  of 
b a c t e r i a  a v a i la b le  f o r  in g e s t io n .  There was no s t a t i s t i c a l  d i f f e r e n c e  in  
mean grow th r a t e s  betw een m arsh and m u d fla t cham bers o v e r th e  ann u a l 
c y c le ,  a l th o u g h  o c c a s io n a lly  d u rin g  th e  a n n u a l c y c le ,  d i f f e r e n t  
p o p u la tio n s  o r assem blages w ere p re s e n t  a t  each  s t a t i o n .  O c c a s io n a lly , 
in d iv id u a l  cham bers a t  each  s t a t i o n  developed  a  c h o a n o f la g e l la te  bloom 
( i . e . ,  J u ly  1981 a t  th e  m u d fla t s t a t i o n  and A ugust 1981 and A p r i l  1982 
a t  th e  m arsh s t a t i o n )  w hich was n o t r e p l i c a t e d  a t  th e  o th e r  s t a t i o n .
The m ost prom inent d i f f e r e n c e  o ccu rred  in  A p r il  1982 when
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c h o a n o f la g e l la te  blooms o c c u rre d  i n  th e  m arsh t i d e  p oo l and were 
t r a n s p o r te d  from th e  m arsh t i d a l  c re e k  in to  th e  m u d fla t t i d e  p o o l. The 
s l i g h t l y  e le v a te d  a n n u a l am bien t mean f o r  HNANO a t  low  t i d e  may be th e  
r e s u l t  o f HNANO assem blages ( in c re a s e d  abundances) dev e lo p in g  in  sm a ll 
sh a llo w  p o o ls  on m arsh B urface  o r on th e  m u d fla t d u rin g  ex tended  p e r io d s  
o f  low w a te r . M ic ro ag g reg a tes  o f  l a r g e  b a c t e r ia  such a s  th o s e  found in  
low t i d e  assem blages o r  i n  q u ie sc e n t  t i d a l  p o o ls  i n  m arsh a l s o  may 
p ro v id e  optimum c o n d i t io n s  and s u i t a b l e  food f o r  grow th .
In c re a se d  h e t e r o f l a g e l l a t e  d e n s i t i e s  and grow th r a t e s  a t  b o th  
s t a t i o n s  were m ost f r e q u e n t ly  a s s o c ia te d  w ith  l a r g e - s i z e d  b a c t e r i a  o r  
c y a n o b a c te r ia ,  p e rh ap s  I n d ic a t in g  an  o p p o r tu n is t ic  re sp o n se  to  
a v a i l a b i l i t y  o f o p tim a l p re y . O b se rv a tio n s  o f in d iv id u a l  chamber 
p o p u la tio n  a s s o c ia t io n s  formed in  in d iv id u a l  cham bers and tim in g  o f 
grow th p u ls e s  w ith  changes in  ty p e  o f b a c t e r ia  in d i c a te  th e  im portance  o f 
th e  ty p e  o f  b a c t e r ia  i n  m arsh -m udfla t n an op lank ton  trophodynam ics. Range 
of grow th r a t e s  observed  i n  cham bers in d ic a te d  h e t e r o f l a g e l l a t e s  may be 
a b le  to  respond  q u ic k ly  w ith in  hou rs to  q u ie s c e n t  c o n d it io n s  and 
optimum p rey  to  form blooms o f  a c t i v e l y  g ra z in g  h e t e r o f l a g e l l a t e s ,  
p a r t i c u l a r l y  i n  a s s o c ia t io n  w ith  c y a n o b a c te r ia .
P re d a to r -P re y  C ycles
Many la b o ra to ry  ex p erim en ts  and s im u la tio n s  o f  p re d a to r -p re y  
in t e r a c t io n s  d em o n stra te  a  s in u s o id a l  c y c le s  o f  g row th , craB h, grow th . 
These experim en ts  a r e  based  on re a c h in g  th re s h o ld  c o n c e n tra t io n s  of 
b a c t e r i a  and exceed ing  c a r ry in g  c a p a c i ty  when h e t e r o f l a g e l l a t e s  reac hI
h ig h  d e n s i t i e s  (F en ch e l 1982d, L in le y  e t  a l .  1983, Laake e t  a l .  1984, 
A nderson and Fenchel 1985, D avis e t  a l .  1985). In  c o n t r a s t  to  th e
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p r e d ic te d  m odels o r  r e p o r te d  p r e d a to r -p re y  c y c le s  c o n s i s t in g  o f  two to  
fo u r  peaks o f f s e t  by s e v e r a l  d a y s , no lo n g  te rm  (5  t o  8  day) c y c le  was 
e v id e n t i n  th e  am bien t sam p lin g , n o r was th e r e  any c o n s i s t e n t  o s c i l l a t o r y  
c y c le  e v id e n t  i n  chamber ex p erim en ts  from  th e  m a rsh -m u d fla t sy stem .
C ycles r e p o r te d  i n  th e  l i t e r a t u r e  w ere developed  from  e i t h e r :  1) 
l a b o r a to r y  d a ta  in v o lv in g  b o th  h e t e r o f l a g e l l a t e  and b a c t e r i a  a t  
c o n c e n tr a t io n s  much g r e a t e r  th a n  am b ien t; o r  2 ) o b s e rv a tio n s  o f  more 
s t a t i c  a q u a t ic  e n v iro n m e n ts , i . e . ,  th e  s e m i-e n c lo se d , n o n - t i d a l ,  o r  
s t r a t i f i e d  e s tu a r i e s  (S o ro k in  1981, F en ch e l 1982d, Laake e t  a l .
1984, A nderson and  F enchel 1985) o r  n e a rs h o re  en v ironm en ts  (D av is  e t  a l .  
1 9 8 5 ). V a r i a b i l i t y  i n  th e s e  system s i s  l e s s  in f lu e n c e d  by t i d a l  
v a r i a b i l i t y  and th e y  u s u a l ly  c o n ta in  l e s s  b a c t e r i a  (<3 x  10^ c e l l s  ml” *) 
th a n  th e  t i d a l  V irg in ia  m a rsh -m u d fla t sy stem . The h ig h  p r e d a to r -p re y  
d e n s i t i e s  o f  la b o ra to r y  ex p e rim en ts  may be conducive  to  th e  c ra sh /b lo o m  
c y c le  n o t  n o rm ally  observed  in  th e  m arsh -m u d fla t sy stem . D uring  th e  in  
s i t u  cham ber in c u b a t io n s ,  h e t e r o f l a g e l l a t e s  reach ed  d e n s i t i e s  com parable 
to  la b o r a to r y  e x p e r im e n ts , b u t b a c t e r i a  c o n c e n tr a t io n s  n ev e r d e c re a se d  
below  e i t h e r  th e  am bien t minimum i n  th e  m arsh -m u d fla t o r  to  l e v e l s  
p r e d ic te d  by a  p r e d a to r -p re y  m odel. B a c te r ia  abundances in v e s t ig a te d  in  
o th e r  a q u a t ic  system s f lu c t u a te d  more c lo s e ly  to  th re s h o ld  l e v e l s  o v er a 
5 to  7 day p e r io d  r e s u l t i n g  in  t i g h t e r  co u p lin g  o f  p r e d a to r -p re y  
th r e s h o ld  d e n s i t i e s  o r  g r e a t e r  d enB ity -dependence  f o r  i n i t i a t i o n  o f 
h e t e r o f l a g e l l a t e  g row th . However, no c o n s i s te n t  w eekly  c y c le  was 
e s ta b l i s h e d  i n  th e  m arsh -m u d fla t system  where th e  v a r i a b i l i t y  o f  th e  non-
i
l i m i t i n g  c o n c e n tr a t io n s  o f  b a c t e r i a  i s  more l i k e l y  in d u ced  by t i d a l  
a d v e c tio n  and a  5 to  8  day c l a s s i c  p r e d a to r -p re y  c y c le  was o bserved
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in f r e q u e n t ly .
No p o s i t iv e  c o r r e l a t i o n  o f h e t e r o f l a g e l l a t e s  and b a c t e r i a  
c o n c e n tra t io n s  e x i s te d  e i t h e r  w ith  am bient b a c t e r ia  c o n c e n tra t io n s  o r  
w ith  c o n c e n tra t io n s  a t  i n i t i a t i o n  o f  grow th in  d i f f u s io n  cham bers. 
Growth r a t e s  w ere n o t p o s i t i v e ly  c o r r e la te d  w ith  e i t h e r  th e  am bient o r  
i n i t i a l  chamber b a c t e r i a l  d e n s i ty .  D ata from  t h i s  m arsh -m udfla t system  
does s u g g e s t ,  a s  D avis e t  a l*  (1985) in d ic a te d  fo r  N a rra n g a n se tt Bay 
p o p u la t io n s ,  t h a t  h e t e r o f l a g e l l a t e s  r a p id ly  a l t e r  t h e i r  grow th r a t e s  
w ith  changing  b a c t e r i a l  p ro d u c tio n . D if fu s io n  cham bers d em o n stra te  th e  
s h o r t- te rm  o p p o r tu n is t ic  re sp o n se  o f  h e t e r o f l a g e l l a t e s  to  s ta b l e  
c o n d i t io n s .  F re q u e n tly  b a c t e r i a  and h e t e r o f l a g e l l a t e s  In c re a s e d  
c o n c u r re n t ly  r a th e r  th a n  ou t o f p h a se , a g a in  co n firm in g  a  c lo s e  c o u p lin g  
o f grow th p a t t e r n s .
G razing  r a t e s  a r e  v a r ia b le  in  p a r t  b ecau se  th ey  a r e  based on 
v a r ia b le  b a c t e r i a l  grow th  r a t e s ;  d i f f e r e n t  ty p e s  of b a c t e r i a  w ith in  th e  
assem blage grow a t  d i f f e r e n t  r a t e s .  D ie l v a r i a t i o n ,  w hich was n o t  
m easured, a l s o  may c o n t r ib u te  to  th e  v a r i a b i l i t y  in  r a t e s .  
E p lf lu o re sc e n c e  m icroscopy  a n a ly s is  confirm ed th e  o p p o r tu n is t ic  n a tu re  
o f h e t e r o f l a g e l l a t e s .  They w i l l  respond  q u ic k ly  to  optimum p rey  under 
s t a b l e  c o n d it io n s  w hich r e s u l t  i n  a  ra p id  1 t o  3 day c y c le  and e f f i c i e n t  
g ra z in g  i n  a g g re g a te s .  G razing  in  th e  m arsh -m udfla t system  d id  n o t v a ry  
w ith  te m p e ra tu re  b u t may have been In f lu e n c e d  by b a c t e r i a  
c o n c e n tr a t io n s .  The m arsh s t a t i o n  c le a ra n c e  r a t e s  d id  d e c re a se  w ith
in c re a s in g  b a c t e r i a  d e n s i t i e s  however m u d fla t c le a ra n c e  r a t e s  d id  n o t
/
fo llo w  th e  same p a t t e r n .  The d e c re a se  i n  m arsh s t a t i o n  c le a ra n c e  r a t e s  
may be r e l a t e d  i n  p a r t  to  l a r g e r  s i z e s  o f b a c t e r i a .  R e s u lts  o f Fenchel
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(1 9 8 2 b ,c ) , D avis and S ie b u r th  (1984) and S h e rr  e t  a l .  (1983) su g g e s t 
th a t  c le a ra n c e  r a t e s  d e c re a se  w ith  in c re a s in g  b a c t e r i a  c o n c e n tra t io n s .  
However D avis and S ie b u r th 's  (1984) and A nderson and F e n c h e l 's  (1985) 
d a ta  f o r  e s tu a r in e  s p e c ie s  g ra z in g  on b a c t e r i a  in  th e  range  o f 
c o n c e n tra t io n s  ty p i c a l  o f  th e  Chesapeake Bay m arsh -m udfla t d id  n o t 
conform to  th e  o v e r a l l  t r e n d .  D avis and S ie b u r th 's  (1984) l i n e a r  
r e g re s s io n  o f in g e s t io n  and b a c t e r i a  d em o n stra te s  th a t  g ra z in g  
approaches s a tu r a t io n  n e a r  c o n c e n tra tio n s  found i n  th e  m arsh -m udfla t 
system  which i s  su p p o rte d  by th e  la c k  o f c o r r e l a t i o n  betw een c le a ra n c e  
r a t e s  and b a c t e r i a  c o n c e n tra t io n s  and c le a ra n c e  r a t e s  d e term ined  from 
th e  i n  s i t u  m arsh -m u d fla t ex p e rim e n ts .
D uring any se a so n , h e t e r o f l a g e l l a t e  g ra z in g  a c t i v i t y  acco u n ts  f o r  
n e a r ly  h a l f  th e  b a c t e r i a l  p ro d u c tio n  w ith  e s t im a te s  ra n g in g  from 2 0  to  
1 0 0 % o f d a i ly  b a c t e r i a l  tu rn o v e r  based  on b a c t e r i a l  grow th  r a te s  
d eterm ined  f o r  in  s i t u  d i f f u s io n  e x p e rim e n ts . Both en v iro n m en ta l 
p a t te r n s  and i n  s i t u  ex p erim en ts  d em onstra ted  th a t  h e t e r o f l a g e l l a t e s  do 
n o t c o n t ro l  th e  m ajo r f l u c t u a t i o n s  in  b a c t e r i a ■c o n c e n tra t io n s  n o r do 
e s tu a r in e  b a c t e r i a l  c o n c e n tra t io n s  r e g u la te  o r  c o n tro l  th e  number o f  
h e t e r o f l a g e l l a t e s  found in  e s tu a r in e  en v ironm en t. Growth r a t e s  d id  
I n d ic a te  th a t  g e n e ra tio n  tim es o f b a c t e r ia  and h e t e r o f l a g e l l a t e s  w ere 
f r e q u e n t ly  s im i la r  and peak  grow th was c lo s e ly  co u p led . B a c te r ia  
grow ing w ith o u t g ra z in g  p re s s u re  o r  i n  th e  ab sen ce  o f  h e t e r o f l a g e l l a t e s  
e n te r  a  s t a t io n a r y  phase a f t e r  48 hou rs w hich may be due to  in  p a r t  to
s u b s t r a te  l i m i t a t i o n .  H e te r o f la g e l la te  g ra z in g  a c t i v i t y  may r e g u la te
/
th e  s ta n d in g  s to c k s  o f  b a c t e r ia  to  th e  e x te n t  th a t  i t  p re v e n ts  s u b s t r a te  
l i m i t a t i o n .  H e te r o f l a g e l l a te  g ra z in g  p re s s u re  may m a in ta in  b a c te r ia  in
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a  y o u th fu l phase  so b a c t e r i a  may f lo u r i s h  when optimum c o n d itio n s  f o r  
grow th o ccu r such  as i n  th e  summer when s u b s t r a te  and te m p e ra tu re s  a re  
n o t l im i t in g  .
H e te r o f l a g e l l a te s  may a f f e c t  m ic ro b ia l  p ro d u c t iv i ty  th ro u g h  in c re a s e d  
g ra z in g  and r e m in e ra l iz a t io n  a c t i v i t i e s  as s h o r t- te rm  resp o n ses  to  
In c re a se d  b a c t e r i a l  p o p u la t io n s ,  th u s  s u s ta in in g  b o th  b a c t e r i a l  grow th 
and c y c lin g  o f  b a c t e r i a l  carbon  in  e s tu a r in e  trophodynam ics. The 
p o te n t i a l  f o r  h ig h  grow th and g ra z in g  r a te s  dem onstra ted  by in  s i t u  
chamber ex p erim en ts  under n e a r ly  a l l  en v iro n m en ta l c o n d i t io n s  and th e  
la c k  o f  s e a s o n a l p a t t e r n  in  f lu c tu a t in g  d e n s i t i e s  In d ic a te  
h e t e r o f l a g e l l a t e s  may s e rv e  a s  a r e l a t i v e l y  c o n s ta n t  pathway o f  b a c t e r i a l  
carbon  in t o  e s tu a r in e  food c h a in  o r  p la y  an  im p o rta n t r o le  in  e s tu a r in e  
trophodynam ics by s e rv in g  as  a  r e l a t i v e l y  s t a b l e  l i n k  from  b a c te r ia  to  
m ic ro zo o p lan k to n .
D if fu s io n  chambers proved to  be an  id e a l  f i e l d  m ethodology f o r  
o b ta in in g  en v iro n m e n ta lly  r e p r e s e n ta t iv e  e s t im a te s  o r  a t  l e a s t  p o te n t i a l  
r a t e s  o f  h e t e r o f l a g e l l a t e  grow th and g ra z in g  on s h o r t  tim e s c a le s .
C lo ser (more a c c u ra te )  e s t im a te s  o f grow th and g ra z in g  r a te s  and p o s s ib ly  
n u t r i e n t  r e g e n e ra t io n  r a t e s  may be o b ta in e d  though th e  u se  o f  a  s e r i e s  o f 
i n  s i t u  cham bers sam pled a t  even s h o r te r  i n t e r v a l s  ( < 2  h o u rs )  th a n  used 
in  p re v io u s  in  s i t u  e x p e rim e n ts . E s tim a te s  o f  g ra z in g  r a t e s  by d i f f e r e n t  
c la s s e s  o r  s p e c ie s  o f nanop lank ton  may be im proved by u s in g  
' e p if lu o re s c e n c e  a n a ly s i s  w ith  th e  DAPI s t a i n  f o r  n u c le o tid e s  o f  b a c te r ia
(S h e rr  and S h e rr  1983) o r  more s p e c i f i c  a c t i v a t io n  and em issio n
/
w aveleng th  f i l t e r s  f o r  c y a n o b a c te r ia  f lu o re s c e n c e .  U ltim a te ly ,  
h e t e r o f l a g e l l a t e s  (HNANO), a t  th e  h ig h  range  o f  en v iro n m en ta l
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c o n c e n tra t io n s  and grow th r a t e s ,  may s e rv e  a s  an  Im p o rtan t food sou rce  
(p re y )  f o r  l a r g e r  nano- and m ic ro p lan k to n  p r e d a to r s .  T h is  t ro p h ic  
l in k a g e  a ls o  may be confirm ed uBing in  s i t u  d i f f u s io n  chamber 
e x p e rim e n ta tio n  and known c o n c e n tra t io n s  o f c i l i a t e s  o r l a r v a l  m o llu scs  
to  e s t a b l i s h  g ra z in g  r a t e s .  V ario u s re f in e m e n ts  o f  th e  in  s i t u  d i f f u s io n  
chamber te c h n iq u e s  p re se n te d  h e re  may p ro v id e  a  v a lu a b le  to o l  f o r  
d e te rm in in g  th e  tem poral and s p a t i a l  s c a le s  n e c e ssa ry  f o r  a  q u a n t i t a t iv e  
e v a lu a t io n  o f nan o p lan k to n  dynam ics.
/
CHAPTER IV
TROPHODYNAMICS OF ESTUARINE NANOPLANKTON DURING AUTUMN 
AND SPRING TRANSITIONAL PERIODS
INTRODUCTION
The com p lex ity  and tro p h ic  in t e r a c t io n s  ( c lo s e  co u p lin g ) o f  th e  
m ic ro b ia l  food web a re  w e ll known (Pomeroy 1974, 1975, 1984; S ie b u r th  e t  
a l .  1978, Haas and Webb 1979, Fuhrman 1981, S o ro k in  1981, F enchel 
1 9 8 2 a ,b ,c ,d ,  Azam e t  a l .  1983, S h e rr  e t  a l .  1984). Yet s tu d ie s  o f 
n an o p lan k to n  trophodynam ics, in c lu d in g  h e te ro tro p h ic  b a c te r ia  and 
f l a g e l l a t e d  m a stig o p h o ran s , f r e q u e n t ly  n e g le c t  th e  sm a lle r  o r  f i n e r  
tem p o ra l and s p a t i a l  s c a le s  (M eyer-R eil a t  a l .  1979, Goldman 1984, 
Pomeroy 1984). Shallow  e s tu a r in e  env ironm ents  such  as s a l t  m arshes and 
a s s o c ia te d  m u d fla ts  p ro v id e  ex trem ely  t r a n s i e n t  c o n d itio n s  un d er which 
n anop lank ton  dynam ics can  be ex p ec ted  to  re a c h  a  maximum in  te rm s o f 
v a r i a b i l i t y .  The p o te n t ia l  r o le  o f  h e te ro tro p h ic  f l a g e l l a t e s  (HNANO o r  
h e t e r o f l a g e l l a t e s ) ,  an im p o rtan t component o f  e s tu a r in e  s a l t  m arsh 
nan o p lan k to n  (N ew ell e t  a l .  1983, S h e rr  and S h e rr  1983, G alvao 1984, 
C hap ter 1 ) as dom inant p re d a to rs  i s  u n iv e r s a l ly  a c c e p te d . However 
l i t t l e  q u a n t i t a t iv e  d a ta  e x i s t s  docum enting th e  s c a le  and m agnitude o f  
t r o p h ic  in t e r a c t io n s  and p re d a to r -p re y  c y c le s  i n  e s tu a r in e  en v iro n m en ts . 
S h o r t- te rm  in v e s t ig a t io n s  a re  n e c e s sa ry  to  d e te rm in e  adequa te  tim e
s c a le s  i n  f i e l d  sam pling  o f m ic ro b ia l  p ro c e sse s  and trophodynam icB in
/
p ro d u c tiv e  m arsh -m udfla t system s ty p i c a l  o f V ir g in ia  e s tu a r i e s .
S easo n a l o c c u rre n c e  and a c t i v i t y  o f HNANO was s tu d ie d  in  a  s h e l te r e d
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b ra c k is h  w a te r  embayment o f Chesapeake Bay from  A p r i l  1981 th ro u g h  May 
1982 (C h ap te r 3 ) .  S easo n a l b a c t e r i a l  and h e t e r o f l a g e l l a t e  grow th and 
g ra z in g  r a t e s  were in v e s t ig a te d  u s in g  d i f f e r e n t i a l  f i l t r a t i o n  and 
d i f f u s io n  cham bers i n  n a tu r a l  s a l t  m arsh t i d a l  p o o l c o n d i t io n s .  T h is 
sam pling program , u s in g  e p if lu o re s c e n c e  d i r e c t  c o u n ts ,  re v e a le d  th a t  
h e t e r o f l a g e l l a t e s  v a ry  l i t t l e  s e a s o n a lly  and u s u a l ly  f l u c t u a t e  betw een 
1 .0  -  5 .0  x 103  c e l l s  ml’**'. P a tch y  s h o r t  term  p u ls e s  o r bloom s, i . e . ,  
in c re a s e d  HNANO c o n c e n tra t io n s  to  0 .45  to  2 .5  x 10^ c e l l s  ml” 1 , o ccu rred  
p e r io d i c a l ly  th ro u g h o u t th e  y e a r  c o n c u rre n t e i t h e r  w ith  s h o r t  p e r io d s  o f 
in c re a s e d  te m p e ra tu re s  o r s p e c i f i c  b a c t e r i a l  p o p u la tio n s  in  s h e l t e r e d  
m arsh t i d a l  poolB . These 1-3 day e p iso d e s  o f in c re a s e d  HNANO 
c o n c e n tra t io n  were f r e q u e n t ly  observed  d u rin g  th e  t r a n s i t i o n a l  p e r io d s  o f 
s p r in g  and f a l l .  These t r a n s i t i o n  p e r io d s  a r e  c h a r a c te r iz e d  by s e a so n a l 
change in  te m p e ra tu re s , n u t r i e n t s ,  b a c t e r i a  abundances, and a u to tro p h  
p o p u la t io n s .  The s e a so n a l s tu d y  o f HNANO p re d a to r -p re y  c y c le s ,  d u r in g  5 
to  8  day p e r io d s  o f each  m onth, re v e a le d  th a t  th e  t r a n s i t i o n a l  p e r io d s  o f 
b o th  autumn and s p r in g ,  w ere p o s s ib ly  th e  m ost dynamic in  te rm s o f  
h e t e r o f l a g e l l a t e  s p e c ie s  d i v e r s i t y ,  abundances, and grow th . B a c te r ia  and 
a u to tro p h  abundances co rresponded  to  th e  g e n e ra l s e a so n a l t r e n d s  in  
te m p e ra tu re  by d e c re a s in g  in  O ctober and in c re a s in g  i n  A p r il ;  however 
h e t e r o f l a g e l l a t e  abundances f lu c tu a te d  w id e ly  d u rin g  autumn and s p r in g .
A second s e a s o n a l s tu d y  was conducted  i n  th e  m arsh -m u d fla t system
from  J u ly  1982 th ro u g h  Jan u a ry  1983 (G alvao 1984) w hich p rov ided
background in fo rm a tio n  fo r  f u r th e r  i n  s i t u  grow th and g ra z in g  HNANO
/
e x p e rim e n ts . The sam pling  s t r a t e g y  o f t h i s  second s tu d y  was d es ig n ed  to  
c h a r a c te r iz e  th e  tem pora l v a r i a b i l i t y  o f  th e  nan o p lan k to n  community and
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i n t e r r e l a t i o n s  o f  i t s  components as w e ll  a s  to  m easure d is so lv e d  
s u b s ta n c e s  i n d i c a t i v e  o f  e s tu a r in e  m ic ro b ia l  p ro c e s s e s .  A d d itio n a l 
tem p o ra l s c a le s  w ere s e le c te d  to  im prove th e  r e s o lu t io n  o f  sam pling 
re q u ire d  to  f i t  th e  tim e s c a le  o f  m ic ro b io lo g ic a l  p ro c e s s e s .  The 
a n a ly s i s  o f  s h o r t- te rm  v a r i a b i l i t y  w ith in  a  t i d a l  c y c le  on a  lo n g -te rm  
b a s is  p ro v id ed  in fo rm a tio n  n e c e ssa ry  to  d i s t i n g u is h  t r u e  s e a so n a l tr e n d s  
( i . e . , o f  t r a n s i t i o n  p e r io d s )  from s h o r t- te rm  v a r i a b i l i t y  in h e re n t  in  
th e  e s tu a r in e  m arsh -m udfla t system .
I n v e s t ig a t io n s  o f th e  r o l e  o f h e t e r o f l a g e l l a t e s  i n  th e  m ic ro b ia l 
food  web in  a  p ro d u c tiv e  marBh system  m ust exam ine th e  com plete  range  o f  
e n v iro n m en ta l v a r i a b i l i t y  and f a c to r s  r e g u la t in g  nan o p lan k to n  dynamics 
b e fo re  th e  im pact o f h e t e r o f l a g e l l a t e  g ra z in g  on m ic ro b ia l  com m unities 
can  be e v a lu a te d . T h is p a p e r i s  th e  r e s u l t  o f a c o l la b o r a t io n  o f th e  
two r e s e a rc h  e f f o r t s  d e sc r ib e d  above d es ig n ed  to  a s s e s s  in t e r a c t io n s  
w ith in  th e  nanop lank ton  community (G alvao  1984, C hap ter 1 ) .  Of 
p a r t i c u l a r  i n t e r e s t  were t r o p h ic  i n t e r a c t io n s  o f  h e t e r o f l a g e l l a t e s  and 
b a c t e r i a  w ith  r e s p e c t  to  th e  d i f f e r e n t  c o n d i t io n s  o f  th e  autumn and 
s p r in g  p e r io d s .  The t r a n s i t i o n a l  p e r io d  r e s e a rc h  used an in t e n s i f i e d  
sam pling  e f f o r t  on 3  d i f f e r e n t  tem poral s c a le s  and i d e n t i c a l  s p a t i a l  
s c a le s  to  d e s c r ib e  th e  m agnitude o f  e v e n ts  ty p i c a l  to  th e  t r a n s i t i o n a l  
p e r io d s .  The e v a lu a t io n  o f nan o p lan k to n  dynam ics w ere fo cu sed  a t  th e  
m arsh and m u d fla t t i d a l  p o o ls .  In  s i t u  d i f f u s io n  chamber experim en ts  
w ere c a r r i e d  o u t c o n c u r re n t ly  d u rin g  th e  i n t e n s i f i e d  su rvey  to  m on ito r 
b a c t e r i a  and h e t e r o f l a g e l l a t e  grow th r a t e s  and e s t im a te  g ra z in g  im pacts
t
on en v iro n m en ta l assem blages d ev e lo p in g  i n  th e  t i d a l  p o o ls  d u rin g  th e  
t r a n s i t i o n  p e r io d s .
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C u rren t hyp o th eses  o f t r o p h ic  in t e r a c t io n  and th e  m ic ro b ia l  loop  
(Azam e t  a l .  1983) o f  carbon  f lu x  th ro u g h  b a c t e r i a  to  HNANO now in c lu d e  
th e  im p o rtan ce  o f m ic ro ag g reg a te s  (Goldman 1984) and m icrozones 
(Ammerman e t  a l .  1985) c o n s is t in g  o f  b a c t e r i a l  and n u t r i e n t  r i c h  
m a te r ia l .  C yano b ac te ria  a g g re g a te s ,  which w ere no t n o rm ally  observed  in  
th e  m arsh -m udfla t sy stem , w ere an  im p o rta n t component o f  nanop lank ton  o f  
bo th  autumn and s p r in g  t r a n s i t i o n a l  p e r io d s  (C h ap te r 3 ) .  D if fu s io n  
chambers p ro v id ed  an  id e a l  q u ie sc e n t  environm ent to  Btudy th e  dynamics 
o f  a g g re g a te  fo rm atio n  and p o te n t i a l  f o r  s t im u la te d  HNANO grow th and 
g ra z in g  a c t i v i t i e s .
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MATERIALS AND METHODS
The s tu d y  s i t e  i s  a sm all w e ll-d e f in e d  t i d a l  embayment (300 m x 100 
m) lo c a te d  a t  Carmines I s la n d s  (37 °1 7 'N , 76°32'W) in  th e  Chesapeake Bay 
e s tu a r in e  sy stem . The embayment opens d i r e c t l y  in to  th e  York R iv e r .
Three s t a t io n s  were e s ta b l is h e d  which re p re se n te d  a lo n g i tu d in a l  g r a d ie n t  
between m arsh and r i v e r :  S ta t io n  1 , Marsh; S ta t io n  2 ,  M u d fla t; and 
S ta t io n  3 , R iv e r  (F ig . 1 ) .  The sam pling s t r a t e g y  was d es ig n ed  to  
in v e s t ig a te  tem poral and s p a t i a l  a s p e c ts  o f nanop lank ton  dynam ics. 
Temporal s c a le s  were d e f in e d  on a  s h o r t- te rm  b a s is  (h o u r ly  in t e r v a l s  
w ith in  a t i d a l  c y c le )  and a lo n g -te rm  b a s is  ( d a i ly  and w eekly i n t e r v a l s ) .  
The s p a t i a l  s c a le  was p ro v id ed  by th e  th re e  s t a t io n s  a lo n g  th e  t i d a l  
embayment. One t i d a l  c y c le  was sam pled each  week from  21 J u ly  to  21 
December 1982, ex cep t d u rin g  O ctober when two t i d a l  c y c le s  were sampled 
w eekly . A d d itio n a l t i d a l  c y c le s  were sampled in  th e  l a s t  week o f Jan u ary  
and in  m id -A p ril 1983. Sampling was c a r r i e d  o u t a t  2 h o u r I n te r v a l s  and 
a t  th e  same tim e o f day to  m inim ize p h o to p e r io d ic i ty  e f f e c t s .  The 
sam pling  in t e r v a l s  b ra c k e t a l t e r n a t i v e l y  one h ig h  t i d e  o r  one low t id e  
each  s u c c e s s iv e  week. The s t a t i o n s  were sam pled in  sequence ( 1 ,2 ,3  o r 
3 ,2 ,1 )  fo llo w in g  th e  d i r e c t io n  o f ebb and f lo o d ,  r e s p e c t iv e ly .  During 
low t i d e ,  sh a llo w  t i d a l  p o o ls  form ed a t  S ta t io n s  1 and 2 .  A ll th re e  
s t a t i o n s  were sam pled f o r  each  low t i d e  c y c le  and w henever p o s s ib le ,  f o r  
h ig h  t i d e  c y c le s .  Sampling d u rin g  th e  autumn and B pring t r a n s i t i o n  
p e r io d s  was i n t e n s i f i e d .  Two t i d a l  c y c le s  d u rin g  O ctober were sampled 
w eekly and two c y c le s  (one e a c h , h ig h  and low) were sam pled d u rin g  m id- 
A p r i l .  In  a d d i t io n  sam pling  was c a r r i e d  o u t a t  d a l ly  I n te r v a l s  d u rin g
F ig u re  1. Study s i t e  and s t a t i o n  lo c a t io n s .
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th e  week betw een t i d a l  c y c le s  to  co rrespond  w ith  i n  s i t u  d i f f u s io n  
chamber e x p e rim en ts .
For n u t r i e n t  a n a ly s e s ,  su b -su r fa c e  w a te r  sam ples (20 m l) w ere 
f i l t e r e d  in  th e  f i e l d  th ro u g h  precom busted (2 h a t  480°C) Whatman GF/F 
f i l t e r s .  L ab o ra to ry  a n a ly se s  f o r  NH^ + , N02“ , Nt^- , and P0 ^ “ 3  i n  w a te r 
w ere c a r r i e d  o u t u s in g  a  Technicon A utoA nalyzer fo llo w in g  s ta n d a rd  GFA 
m ethodo log ies (Kopp and McGee 1979). For d i r e c t  c e l l  c o u n ts ,  su b -su rfa c e  
w a te r  sam ples (2  m l) w ere f ix e d  i n  0.3% g lu ta ra ld e h y d e  i n  th e  f i e l d .  A ll 
a u to tro p h ic  and h e te ro tro p h ic  m icroorgan ism s were enum erated w ith  
e p if lu o re s c e n c e  m icroscopy (Haas 1982). F ive  ml s u b -s u r fa c e  w a te r  
sam ples were an a ly zed  f o r  c h lo ro p h y ll  £i u s in g  a  s im p l i f ie d  DMSO (d im e th y l 
s u lfo x id e )  e x t r a c t io n  te c h n iq u e  (Webb and Hayward, u n p u b l. m an).
Growth and g ra z in g  r a te s  o f  h e t e r o f l a g e l l a t e s  (HNANO) were e s tim a te d  
fo llo w in g  th e  p ro to c o l o f  C hap ter 3 . A c t iv i ty  o f  en v iro n m en ta l 
p o p u la tio n s  o f b a c t e r i a  and HNANO (b o th  t o t a l  and s lz e - f r a c t io n e d  th rough  
<36 pm mesh) w ere d e term ined  a t  th e  m arsh and m u d fla t t i d a l  p o o ls  u s in g  
in  s i t u  d i f f u s io n  chambers equipped w ith  p o ly c a rb o n a te  perm eable 
membranes o f 0 .2  and 1 .0  pm p o re  s i z e s .  The s iz e - f r a c t io n e d  community 
re p re s e n te d  am bient p o p u la tio n s  o f h e t e r o f l a g e l l a t e s ,  a u t o f l a g e l l a t e s , 
d ia to m s , sm a ll o rg a n ic  a g g re g a te s ,  and o c c a s io n a lly  in c lu d e d  sm a ll non- 
l o r i c a t e  c i l i a t e s  (<15 pm) and amoebas ty p i c a l  o f p a tch y  d i s t r i b u t i o n  in  
w hole w a te r . D if fu s io n  chambers were suspended in  m arsh and m u d fla t 
s t a t i o n s  i n  sh a llo w  w a te r r e s e r v o i r s  sunk in to  s u b s t r a t e .  T h is s im u la te d  
p ro te c te d  t i d a l  p o o ls  t y p i c a l  o f  th e  m arsh f r in g in g  th e  t i d a l  embayment. 
The su p p o rt s t r u c t u r e  a llow ed  cham bers to  move th ro u g h  th e  w a te r  column 
o f  b o th  th e  r e s e r v o i r  and t i d a l  p o o l w ith  t i d a l  f lu c t u a t i o n s ,  y e t  rem ain
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submerged In  th e  r e s e r v o i r  d u rin g  s p r in g  low t i d e  (Fig* 2 ) .
N anoplankton c o n c e n tra t io n s  i n  b o th  th e  d i f f u s io n  cham bers and 
w a te r column environm ent were m on ito red  c o n c u r re n t ly  o v er s e v e ra l  days 
a t  d a i ly  i n t e r v a l s .  E p if lu o re sc e n c e  m icroscopy d i r e c t  co u n ts  were used  
to  d e te rm in e  n a tu r a l  g row th  r a t e s  (p  ** in s ta n ta n e o u s  h**^  o r  d- *; Dt = 
d o u b lin g  (g e n e ra t io n )  tim e (h ) )  i n d i f f u s io n  cham bers o v er a 24 hour 
p e r io d .  P re d a to r -p re y  in t e r a c t io n s  w ere de term ined  by com paring 
abundances o f b a c t e r i a  and HNANO dete rm in ed  a t  d a i ly  i n t e r v a l s  i n  th e  
environm ent a t  low w a te r  w ith  changes in  abundances de term ined  in  
d i f f u s io n  cham bers a t  th e  same i n t e r v a l s .  G razing  r a t e s  a n d /o r  maximum 
in g e s t io n  r a t e s  f o r  h e t e r o f l a g e l l a t e s  p h a g o c y tiz in g  growing b a c te r ia  
w ere e s tim a te d  u s in g  two d i f f e r e n t  ex p e rim e n ta l app ro ach es based  on 
grow th r a t e s  o f b a c t e r ia  and h e t e r o f l a g e l l a t e s  d te rm in ed  i n  b o th  0 . 2 0  jam 
and 1 . 0  pm chambers (C h ap te r 3 ) .  V ario u s p a ram e te rs  ( m o r ta l i ty  r a t e s ,  
c le a ra n c e  Fj p i  d“ ^ , and in g e s t io n  r a t e s )  of b e t e r o f l a g e l l a t e s  were 
c a lc u la te d  u s in g  r a t e  d e te rm in a tio n s  s im i la r  to  th o s e  o f Landry e t  a l .  
(1 9 8 4 ). Maximum in g e s t io n  r a t e s  a l s o  w ere de te rm in ed  u s in g  p rey  
d e n s ity -d e p e n d e n t y ie ld  (Y) o f h e t e r o f l a g e l l a t e s  (p r e d a to r )  and grow th 
r a t e  (p )  a s  d e f in e d  by F enchel (1 9 8 2 b ). D if fu s io n  chamber d a ta  and 
en v iro n m en ta l d a ta  from e p if lu o re s c e n c e  d i r e c t  co u n ts  a t  low w a te r  made 
p o s s ib le  th e  e v a lu a tio n  o f  s h o r t  term  c y c le s  ( 2 - 7  d ay s) i n  p r e d a to r -  
p rey  in t e r a c t io n s  and c o r r e l a t i o n  betw een b a c t e r i a  and h e t e r o f l a g e l l a t e  
abundances.
F ig u re  2 . Diagram o f d i f f u s io n  chamber and su p p o rt s t r u c t u r e .
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RESULTS
N u tr ie n ts  w ere m on ito red  from J u ly  1982 th ro u g h  Jan u a ry  1983 and 
d u rin g  a  s h o r t  p e r io d  in  s p r in g  1983 f o r  b o th  lo n g -te rm  ( s e a s o n a l)  t r e n d s  
and s h o r t- te rm  (w eek ly  and t i d a l )  t r e n d s  (G alvao 19 8 4 ), p a r t i c u l a r ly  
d u rin g  th e  autumn and s p r in g  t r a n s i t i o n  p e r io d s .  Ammonium d a i ly  mean 
v a lu e s  dem o n stra ted  no s e a so n a l t r e n d s  w h ile  n i t r a t e  and phosphate  d a i ly  
mean v a lu e s  in c re a s e d  and d e c re a se d , r e s p e c t iv e ly ,  from  summer to  w in te r  
(G alvao 1984). D isso lv ed  in o rg a n ic  n i t r o g e n  (DIN) c o n c e n tra t io n s  d u rin g  
bo th  t r a n s i t i o n  p e r io d s  (autum n and s p r in g )  were g e n e ra l ly  h ig h e r  th an  
d u rin g  summer and w in te r .  The m ost consp icuous t r e n d  in  DIN i n  th e  t i d a l  
embayment a t  a l l  th r e e  s t a t i o n s  waB th e  f a l l  maxima i n  NH^“ , NOg”  , and 
NO2 ”  e x ten d in g  o v e r a  th r e e  week p e r io d  betw een 7 O ctober and 3 November 
1982 (F ig .  3 ) .  D a ily  mean DIN c o n c e n tra t io n s  reached  20 ) ig -a t N /l and 
n i t r a t e  d a i ly  means reach ed  c o n c e n tra t io n s  ( 6  j ig -a t  N / l )  20 tim es  h ig h e r 
th an  summer v a lu e s  ( 0 .2 - 0 .4  p g -a tN /1 )  d u rin g  t h i s  p e r io d  (F ig .  3 ) .  T id a l 
and lo n g i tu d in a l  d i f f e r e n c e s  among s t a t i o n s  d u rin g  th e  autumn p e rio d  
in d ic a te d  a  r i v e r  o r ig i n .  N i t r a t e  d a i ly  means a l s o  e x h ib ite d  a  maximum 
in  s p r in g  1983 (9  j ig - a t  N / l ) ,  a p p a re n tly  a g a in  d e r iv e d  from a  r i v e r  
sou rce  o r ig i n .  The In c re a s e d  c o n c e n tra t io n s  o f p h o sp h a te  corresponded, to  
an  ebb t i d e  phenomenon, when c o n c e n tra t io n s  a t  th e  m arsh s t a t i o n  reached  
v a lu e s  2 -4  tim es th o se  d u rin g  f lo o d  t i d e .  The autumn n i t r a t e  and n i t r i t e  
peaks f a r  exceeded any o th e r  s e a s o n a l peak in  m agnitude and le n g th .
S h o rt- te rm  sam pling (u se  o f  c lo s e r  sam pling i n t e r v a l s ,  i . e . ,  sam pling
/
h o u rly  i n t e r v a l s  b iw eek ly , r a th e r  th a n  on a  w eekly o r  m onthly b a s is )  made 
i t  p o s s ib le  to  d e f in e  t h i s  n i t r o g e n  e v e n t d u rin g  th e  autumn t r a n s i t i o n
134
F ig u re  3 . D a ily  means o f  n i t r i t e  c o n c e n tra t io n  d u rin g  J u ly  th rough  
December 1982; n i t r i t e ,  n i t r a t e ,  NH  ^ combined means and 
in d iv id u a l  means f o r  th e  f a l l  n i t r i t e  maxima a t  th e  th r e e  
s t a t i o n s .
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p e r io d .
An e v a lu a tio n  o f an n u a l tre n d s  In  abundances o f th e  v a r io u s  
components o f  nanop lank ton  based  on P earso n  c o r r e l a t i o n  c o e f f i c i e n t s  
betw een d i f f e r e n t  components (r=  0 .7 - 0 , 8 , P=0 . 0 0 ) showed th a t  
te m p e ra tu re  was th e  dom inant f a c to r  r e g u la t in g  v a r i a t io n s  in  
b a c te r io p la n k to n  s ta n d in g  s to c k s .  No s ig n i f i c a n t  c o r r e l a t i o n s  ( r  > 0 .5 ,  
P=0.00) w ere found betw een h e te r o tr o p h ic  b a c t e r i a  and h e t e r o f l a g e l l a t e  
abundances. B a c te r ia  c o n c e n tra t io n s  fo llo w ed  s e a s o n a l t r e n d s  s im i la r  to  
w a te r  te m p e ra tu re s  in  th e  t i d a l  embayment a t  a l l  th r e e  s t a t i o n s  (F ig .
4 ) .  R eg ress io n  a n a ly se s  r e v e a le d  a  p o s i t i v e  l i n e a r  r e la t io n s h ip  betw een 
te m p e ra tu re  and b a c t e r i a .  D a lly  meanB o f  e u k a ry o t ic  f l a g e l l a t e s ,  b o th  
h e te ro tro p h ic  and a u to to t r o p h ic ,  d id  n o t e x h ib i t  any s e a s o n a l tre n d s  
(F ig .  4) n o r d id  r e g re s s io n  a n a ly s is  (p  > 0 .0 5 ) r e v e a l  any r e la t io n s h ip  
betw een te m p e ra tu re  and f l a g e l l a t e  abundances.
S easonal p a t te r n s  e x h ib i te d  ev id en ce  o f a  p o s s ib le  c o n c u rre n t t r e n d  
d u rin g  th e  autumn t r a n s i t i o n a l  p e r io d  o f  h ig h  n u t r i e n t  l e v e l s  and 
sen escen ce  o f nanop lank ton  p o p u la tio n s .  Both p h y to p lan k to n  and 
b a c te r io p la n k to n  s ta n d in g  s to c k s  d e c re a se d  to  a  minimum d u rin g  th e  p e r io d  
o f  f a l l  n i t r i t e  maxima in  O ctober (F ig s .  3 , 4 ) .  C h lo ro p h y ll ji a n a ly se s  
d u rin g  t h i s  p e r io d  a ls o  re v e a le d  th e  p re se n c e  o f  l a r g e r  amounts o f 
degraded  p igm en t. H e te ro tro p h ic  m ic r o f la g e l la t e  c e l l  co u n ts  d id  no t 
e x h ib i t  any s ig n i f i c a n t  change d u rin g  h ig h  n i t r a t e  p e r io d  (Oct-Nov 1982) 
( F ig .  5 ) .  Both h e te r o tr o p h ic  and a u to tro p h ic  nanop lank ton  (F ig s .  3 , 4)
e x h ib i te d  a s h o r t- te rm  in c re a s e  a t  th e  end o f  n i t r i t e  ev en t in  e a r ly
/
November 1982. O v e ra ll ,  an  in c re a s e  in  h e t e r o f l a g e l l a t e  abundance 
r e l a t i v e  to  t o t a l  nanop lank ton  o ccu rred  d u rin g  f a l l  and w in te r ,  th e
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F ig u re  4 V a r ia t io n  i n  te m p e ra tu re , s a l i n i t y ,  a u to tro p h ic  and 
h e te r o tr o p h ic  nanop lank ton  and b a c t e r i a  from  J u ly  to  December 
1982 a t  th e  m arsh and m u d fla t s t a t i o n s .
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F ig u re  5 . D a lly  means i n  h e t e r o f l a g e l l a t e  d e n s i ty  from  J u ly  th ro u g h  
December 1982 and i n s e t  f o r  O ctober th ro u g h  December.
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maximum was e v id e n t In  A p r il  (F ig s .  4 , 5 ) .  The o v e r a l l  com parison o f 
nanop lank ton  p o p u la tio n s  d id  r e v e a l  th a t  h e t e r o f l a g e l l a t e s  a r e  a  
s ig n i f i c a n t  component o f  nanop lank ton  d u rin g  e a r ly  autumn and s p r in g ,  
w ith  c o n c e n tra t io n s  av e ra g in g  between 2 .2  -  2 .7  x 103  c e l l s  ml” * , 
s l i g h t l y  above th e  1982 an n u a l average  (1 .7  x 103  c e l l s  ml""*).
The f i n e r  ( s m a ll)  tim e s c a le  sam pling was d es ig n ed  to  show t i d a l  and 
d a i ly  v a r i a t io n  i n  nanop lank ton  abundances. Both t r a n s i t i o n  p e r io d s  
d em o n stra te  some la rg e  f lu c tu a t io n s  i n  a u to tro p h s ,  h e t e r o f l a g e l l a t e s ,  and 
b a c t e r i a  d e n s i t i e s  w ith  no obvious c y c l i c a l  o r  i n t e r r e l a t e d  p re d a to r -p re y  
c y c le s .  In s te a d  each  nanop lank ton  component appeared  to  f lu c t u a te  
in d e p e n d e n tly . In te n s iv e  t i d a l  c y c le  sam pling d id  n o t r e v e a l  a  d iu rn a l  
p a t te r n  b u t r a t h e r ,  v a r i a b i l i t y  induced  by t i d a l  movement (F ig .  6 ) .
H ourly o r d a i ly  v a r i a t io n s  o f b a c t e r i a  ( 4 .0 - 8 .0  x 10^ c e l l s  ml” *) and 
h e t e r o f l a g e l l a t e s  ( 1 .0 -5 .7  x  103  c e l l s  ml” *) e x h ib ite d  i n  F ig u re s  6 , 7 ,
8 , and 9 a re  i n  p a r t  a r e f l e c t i o n  o f p a tch y  d i s t r i b u t io n s  ty p i c a l  o f 
m arsh -m udfla t system  (G alvao 1984, C hapter 2 ) .  However, e p if lu o re s c e n c e  
m icroscopy a n a ly s i s  o f sam ples from  t i d a l  p o o ls  form ed a t  th e  m arsh 
s t a t i o n  d u rin g  b o th  t r a n s i t i o n  p e r io d s  a t  low t i d e  d id  r e v e a l  th e  
phenomena o f d i s t i n c t  m ic ro h e te ro tro p h ic  assem blages c h a r a c te r iz e d  by 
e le v a te d  d e n s i t i e s  and in c re a s e d  d iv e r s i t y .  T h is  was c o n s is te n t  w ith  
p re v io u s  lo n g -te rm  s e a so n a l sam pling program s (G alvao  1984, C hap ter 2 ) .  
The fo rm a tio n  o f "low  t i d e  a sse m b la g e s ,"  dem o n stra ted  by peaks in  F ig u re  
6 , were composed o f  g r e a te r  th a n  s e a so n a l av erag e  c o n c e n tra t io n s  o f
polym orphic f l a g e l l a t e s  ( 2 - 6  x  1 0 3  c e l l s  ml” *) and v e ry  la rg e  polym orphic
/
b a c t e r i a  (1 jim w ide; 3-5 )im lo n g ) ,  w hich c o n s t i tu te d ,  in  some c a se s  20- 
40%, o f t o t a l  b a c te r io p la n k to n .  Com position and a c t i v i t y  o f th e s e
142
F ig u re  6 .  T id a l v a r i a t i o n  o f h e t e r o f l a g e l l a t e s ,  b a c t e r i a ,  and a u to tro p h s  
d u rin g  th e  autumn and B pring t r a n s i t i o n a l  p e r io d s .
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assem blages though o f  s h o r t  d u ra t io n  ( 2  to  6  h o u r s ) ,  may c o n t r ib u te  
s i g n i f i c a n t l y  to  m arsh system  trophodynam ics o r  DOM c y c l in g  th ro u g h  
g ra z in g  and n u t r i e n t  g e n e ra tio n  a c t i v i t i e s  o r  a s  p re y . In  s i t u  d i f f u s io n  
cham ber ex p erim en ts  d e ta i l e d  below re p re s e n t  an  a tte m p t to  e v a lu a te  
h e t e r o f l a g e l l a t e  grow th and g ra z in g  a c t i v i t i e s  o v er a s h o r t  tim e s c a le  
d u r in g  th e se  v a r ia b le  and dynamic autumn and s p r in g  t r a n s i t i o n  p e r io d s .
O ctober,. November 1982 Growth and G razing  E xperim ents
E nv ironm enta l m o n ito rin g  in  th e  m arsh -m udfla t system  d u rin g  1982 
confirm ed  th e  tre n d s  i n  b a c te r ia  and n an o p lan k to  abundances observed  in  
1981. In  a d d i t io n ,  th e  sam pling documented peaks In  NO2 ”  and NOg“  
c o n c e n tra t io n  due to  r i v e r  in p u t and marked f lu c tu a t io n s  in  h e te ro tro p h ic  
nan o p lan k to n  (HNANO) p o p u la tio n s .  I n te n s iv e  sam pling  d u rin g  O ctober and 
November 1982 a ls o  re v e a le d  a  r e l a t i v e  in c re a s e  in  c y a n o b a c te r ia  
abundances (x  10^ to  10** c e l l s  ml“ ^) and d i v e r s i t y  b eg in n in g  26 O cto b er, 
and c o n tin u in g  th rough  4 November 1982. Growth and g ra z in g  o f  HNANO and 
b a c t e r i a  p o p u la tio n s  m on ito red  i n  d i f f u s io n  cham bers ex p erim en ts  r e f l e c t  
th e  dynamics o f  c y a n o b a c te r ia  p o p u la tio n s  observed  th ro u g h  en v iro n m en ta l 
m o n ito r in g .
Chamber in c u b a tio n s  i n i t i a t e d  27 O ctober ( F ig .7) c o n ta in e d  
b a c t e r i a l  p o p u la tio n s  ra n g in g  from  4 ,0  to  6 . 0  x  1 0 ^ c e l l s  ml"* which 
in c lu d e d  a  l a r g e  p e rc e n ta g e  o f medium s iz e  ro d s  ( 1 . 0  x  0 .5 0  ;im) and 1 0 ^ 
to  lo ^  c e l l s  ml“ * c y a n o b a c te r ia . Synechococcus d o u b le ts  and c l u s t e r s  
numbered in  th e  1 0 ^ c e l l s  ml”*^  a t  b o th  m arsh and m u d fla t s t a t i o n s .  
P a tc h i ly  d i s t r i b u t e d  c lu s te r - fo rm in g  ty p e s  o f la rg e  c y a n o b a d te r la  
In c re a s e d  from  1 0 ^ to  1 0 ^ c e l l s  ml*"^ w ith in  th e  low w a te r  f i lm s  found in
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th e  m arsh p o o l. These c l u s t e r s  w ere composed o f  l a r g e  ro d -sh ap ed  c e l l s  
resem b lin g  A n acy s tis  n id u la n s  and Agmenellum o r M icropoped ia . Both 0 .2 0  
pm and 1 . 0  pm cham bers a t  each  s t a t i o n  c o n ta in e d  an  assem blage o f  
h e t e r o f l a g e l l a t e s  dom inated by a  sm a ll (2 .0  -  3 .0  pm (1 ) and 15 to  35 pm^ 
volum e) monad ty p e  and a  r e l a t i v e l y  la rg e  p e rc e n ta g e  ( 1 0  to  2 0 %) o f la rg e  
form s ( Paraphysomonas and a c h lo r o t ic  cryptom onad o r "p o in te d  body" w ith  a 
volume o f  ap p ro x im a te ly  75 to  100 pm ^).
B a c te r ia  Growth
B a c te r ia  grow th r a t e s  were q u i t e  v a r ia b le  ra n g in g  from grow th  r a te s
(p ) and doub lin g  tim es (D t) o f  p^O.OlSh- ^; Dt 4 5 .3h ( s t a t i o n a r y  phase) to
grow th p u ls e s  o f p = 0 .0 8 lj  Dt 8 . 6 h w ith  an av e rag e  o f  p “ 0 .027h” *; D t25 .4h
d u rin g  th e  s low er grow th p e r io d  and p=0.057h” *; Dt 1 2 .2h f o r  f a s t e r
grow ing assem b lag es . The c o n c e n tra t io n s  o f b a c t e r i a  i n  0 .20  pm chambers
d id  n o t d i f f e r  from  29 O ctober am b ien t, cham bers a t  b o th  s t a t io n s
c o n ta in e d  a  more d iv e r s e  v a r i e ty  o f b a c t e r i a  and a s l i g h t l y  g r e a te r
b iom ass, due to  dense c l u s t e r s  o f v e ry  sm a ll ro d -sh ap ed  b r ig h t  g reen
b a c t e r i a ,  and c y a n o b a c te r ia  ( e a s i l y  reco g n ized  by in t e r m i t t e n t  orange
f lu o re s c e n c e ) .  C lu s te r s  o f c y a n o b a c te r ia  w ere com prised o f  e lo n g a te d
ro d s  o f v a r io u s  s iz e s  ran g in g  from 0 .2  x  1 .0  pm to  1 .5  x  2 .0  pm) a rran g ed
in  round i r r e g u l a r  c l u s t e r s  (A n a c y s tis - l i k e )  o r  in  r e g u la r  geom etric
p a t te r n s  (Agmenellum-l i k e ) . B a c te r ia l  c o n c e n tra t io n s  i n  1 .0  pm chambers
a t  b o th  s t a t i o n s  in c re a s e d  r e l a t i v e  to  0 .2 0  pm cham bers and am bient on 29
O ctober (T ab le  1 ) .  T h is  in c r e a s e ,  can  be a t t r i b u t e d  to  th e  l a r g e r  pore
s iz e  ( 1 . 0  pm) which a llo w s  f o r  g r e a t e r  d i f f u s io n  o r  In v a s io n  o f sm a ll
/
am bient c y a n o b a c te r ia  in to  th e  cham ber, i n  a d d i t io n  to  p r o l i f e r a t i o n  o f 
c y a n o b a c te r ia  s u rv iv in g  from  th e  27 O ctober innoculum . B a c te r ia l  grow th
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T ab le  1 . D e n s i t ie s  o f  c y a n o b a c te r ia  ( c e l l s  ml” *) a t  m arsh  and m udfla t 
s t a t i o n s  in  f a l l  1982 d if f u s io n  chamber experim en t
D ate
Marsh
Ambient Chamber
  M udfla t --------
Ambient Chamber
27 Oct 0 .1 4 X 1 0 3 2 .4 7 X 1 0 3
28 Oct 0 . 0 0 1 . 2 2 X 1 0 3
29 Oct 0 .6 7 X 1 0 3 6 .0 6 X 1 0 3 0 .1 4 X 1 0 3
2 Nov 0 . 0 0 4 .81 x 1 0 4 0 .2 4 X 1 0 3 0 .1 4 X 1 0 4
3 Nov 0 . 1 2 X 1 0 3 2 . 8 8 x 1 0 6 0 .6 0 X 1 0 3 3 .4 2 X 1 0 5
4 Nov 6 .28 X 1 0 6
5 Nov 0 .0 7 X 1 0 3
/
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r a t e s  m easured f o r  2-5  November a l s o  acco u n ted  f o r  r a p id ly  growing 
c y a n o b a c te r ia  (ji=0.08 to  0 . 1  h“ *) which ap p ea red  to  bloom and c ra s h  in  
cham bers.
H e te r o f l a g e l l a te  Growth
H e te r o f l a g e l l a te  grow th p a t te r n s  in  d i f f u s io n  cham bers w ere s im i la r  
a t  b o th  m arsh and m u d fla t b ta t i o n s .  F lu c tu a tio n s  in  h e t e r o f l a g e l l a t e  
a c t i v i t y  was observed  w ith in  two grow th p e r io d s  accom panied by 
c y a n o b a c te r ia  bloom s, a  phenomenon n o t observed  in  p re v io u s  en v iro n m en ta l 
m o n ito r in g . Growth r a t e s  c o rre sp o n d in g  to  th e  f i r s t  peak averaged  
ji=0.049 h“  ^ w ith in  f i r s t  20 to  23 hou rs  f o r  a l l  cham bers a t  b o th  
s t a t i o n s .  Marsh chamber grow th r a t e s  w ith in  th e  f i r s t  24 hours averaged  
ji=0.042 h” l  (D t= 16 .4h , K=1.47 d- *) and m u d fla t r a t e s  averaged  p=0.054 h“ * 
(Dt*=12.8h, K=1.87 d“ *) b u t w ere much more v a r i a b le .  The d i s t r i b u t i o n  o f 
grow th r a t e s  w ith in  th e  range o f  ji=0.032 to  0 .069  h*"  ^ in d ic a te s  t h a t  
h e t e r o f l a g e l l a t e s  may have d iv id e d  a t  two d i f f e r e n t  r a t e s ,  e i t h e r  a t  one 
(D t"24h) o r  two (D t“ l l h )  d iv i s io n s  d“ * . The v a r i a b i l i t y  i n  re sp o n se  and 
in c re a s e  i n  d e n s i t i e s  o f  h e t e r o f l a g e l l a t e s  d u rin g  th e  f i r s t  24 hours 
shown in  F ig u re  7 i s  ty p ic a l  o f  in  s i t u  grow th r a t e  d e te rm in a tio n s  and 
r e f l e c t s  en v iro n m en ta l v a r i a b i l i t y  and p a tch y  d i s t r i b u t i o n s  of 
h e t e r o f l a g e l l a t e s .  The d e c re a se  in  b a c t e r i a  c o n c e n tra t io n s  b o th  i n  s i t u  
and in  cham bers a t  th e  m u d fla t s t a t i o n  may be e x p la in e d  in  p a r t  by lo n g e r  
exposure  to  a d v e rse  e f f e c t s  o f  h ig h  NO3 ”  and NO2 "  (27-28  O c t, l a s t  day o f 
in c re a s e d  v a lu e s  b e fo re  d e c l in e )  in p u t from  r i v e r .  Exposure to  n i t r i t e  
may have e x e r te d  a  g r e a t e r  in f lu e n c e  in  th e  l a r g e r  p o re  s i z e  ( 1 . 0  jim) 
cham bers, where exchange w ith  am bient o ccu rs  more r a p id ly ,  and
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F ig u re  7 . T em pera tu re , s a l i n i t y ,  a u to tro p h s ,  and h e t e r o f l a g e l l a t e s
v e rs u s  b a c t e r ia  d e n s i t i e s  f o r  i n  s i t u  d i f f u s io n  cham bers and 
f o r  am bient p o p u la tio n s  d u rin g  27 O ctober -  5 November 1982 a t  
th e  m arsh and m u d fla t s t a t i o n s .
t
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p o p u la tio n s  may have responded  more q u ic k ly .  P o p u la tio n s  i n  b o th  
m u d fla t and m arsh cham bers d u rin g  28-29 O c to b e r, p a r a l l e l e d  th e  
en v iro n m en ta l tre n d  o f  d e c re a se  in  h e t e r o f l a g e l l a t e  s i z e  and numbers 
(F ig . 7 ) .  D iv e r s i ty  o f  HNANO assem blage was reduced  and c o n s is te d  o f  
sm a lle r  form s (monads and b odon ids) i n  b o th  am bient and cham bers.
O 1
Ambient h e t e r o f l a g e l l a t e  c o n c e n tr a t io n s  (“ 4 -  5 x 10 c e l l s  ml -1) 
m easured in  b o th  s t a t i o n s  a t  low w a te r  on 2 November w ere s i g n i f i c a n t l y  
h ig h e r  th a n  s e a so n a l av erag e  (1 .7  x  10^ c e l l s  ml” 1-, J u ly  1982 -  A p r il  
1983; 2 .4  x  10 ^ c e l l s  m l"* , May 1981 -  May 1982). C o n c u rre n tly , a 
second more pronounced grow th p e r io d  r e s u l t i n g  i n  h ig h  HNANO c e l l  
d e n s i t i e s  o c c u rre d  In  cham bers a t  b o th  s t a t i o n s .  The sam pling  p e r io d  o f 
2-5 November (F ig .  7) was c h a ra c te r iz e d  by unseaB o n ally  warm te m p e ra tu re s  
and ex tended  p e r io d s  o f low w a te r w hich form ed q u ie s c e n t t i d a l  p o o ls . 
D iv e r s i ty ,  num bers, and s iz e s  o f h e t e r o f l a g e l l a t e s  in c re a s e d  p a r t i c u l a r l y  
a t  th e  m arsh t i d a l  p o o l,  where s u r fa c e  f i lm s  o f  c y a n o b a c te r ia  were e a s i l y  
e s ta b l i s h e d .  P ro te c te d  q u ie sc e n t w a te rs  a l s o  r e s u l t e d  i n  g r e a te r  
r e l a t i v e  abundances o f  l a r g e  e p i b a c te r i a  and u n u su a l blooms o f a  d iv e r s e  
c y a n o b a c te r ia l  assem blage n o t f r e q u e n t ly  observ ed  i n  th e  Carmine I s la n d  
m arsh -m udfla t system . The assem b lag e , s im i la r  to  m arsh p o o l s u r fa c e  f i lm  
bloom observed  27 O c to b er, o ccu rred  2 November a t  p ro te c te d  m u d fla t and 
marsh p o o ls  In  app rox im ate  c o n c e n tra t io n s  o f x  10^ and x  10^ c e l l s  ml- * 
r e s p e c t iv e ly .  P a tc h e s  o f  s u r fa c e  f i lm  c l u s t e r s  (xlO ^ c e l l s  ml- *) 
appeared  i n  b o th  p ro te c te d  m u d fla t and m arsh p o o ls  by 3 November. 
D if fu s io n  cham bers, w hich a l s o  p ro v id ed  optimum q u ie sc e n t (h ig h  n u t r i e n t )  
c o n d i t io n s ,  d u p lic a te d  t h i s  u n u su a l bloom phenomenon; c o n c e n tra t io n s  o f 
c y a n o b a c te r ia  c l u s t e r s  (m ats) and fllam en tB  in c re a s e d  from  2 November
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.c o n c e n tra tio n s  o f xlO^ to  3 November l e v e ls  o f xlO^ to  10^ c e l l s  ml” *. 
A lthough th e  d e c l in e  in  b a c t e r i a l  numbers on 3 November i s  e v id e n t in  
F ig u re  7 , biom ass in c re a s e d  10 to  50 f o ld  w ith  c y a n o b a c te r ia  
p r o l i f e r a t i o n .  The chamber assem blage o f  2 November c o n s is te d  o f  dense 
c l u s t e r s  o f  c e l l s ,  some w ith  e n la rg e d  c e l l  volume o f  1  -  2  jimJ  v e rsu s  
th e  norm al ran g e  o f 0 .1  -  0 .6  jim^. By 3 November m ost c y a n o b a c te r ia  were 
en la rg e d  form s and some app eared  v a c u o la te d  (A n acy s tis  -  l i k e ) .
A ll h e t e r o f l a g e l l a t e  grow th cham bers i n  th e  m arsh d em onstra ted  
s im i la r  grow th p u ls e s  c o n c u r re n t ly  w ith  in c re a s e s  in  en v iro n m en ta l HNANO 
d u rin g  2-5 November. Chambers y ie ld e d  ra p id  grow th in  c e l l  d e n s i t i e s  of 
up to  3 .8  x  10^ c e l l s  ml""* (from  3 to  5 Nov) and in c re a s e d  HNANO sp e c ie s  
s i z e  and d iv e r s i t y .  The d iv e r s i f i e d  sp e c ie s  assem blage which developed  
in  cham bers resem bled  low t i d e  poo l assem blage and was dom inated by f iv e  
ty p e s ,  two o f  w hich, th e  p o in te d  body and bodonid  fo rm s, w ere r e l a t i v e l y  
la r g e  (5 -  10 urn d ia m e te r  o r  l e n g th ) .  Ambient p o in te d  body abundances 
(150 -  250 c e l l s  ml” *) w ere r e l a t i v e l y  h ig h  and i n  cham bers w here they  
w ere in g e s t in g  c y a n o b a c te r ia ,  c o n c e n tra t io n s  w ere a s  g r e a t  a s  ( 2  -  6  x 
10^ c e l l s  ml” * ) .  A f te r  c y a n o b a c te r ia  d ec re ase d  in  (from  10^ to  10^ c e l l s  
ml” *) i n  cham bers, p o in te d  b o d ie s  (p h a g o tro tro p h ic  cryptom onads) 
d ec re a se d  m arked ly , a lth o u g h  o th e r  la rg e  Paraphysomonas form s rem ained a t  
h ig h  c o n c e n tra t io n s .  H e te r o f l a g e l l a te  c o n c e n tra t io n s  in  th e  cham bers 
w ere much g r e a te r  th a n  peaks en co u n te red  i n  am bient p o o ls  (F ig .  7 ) on 2 
November (m u d fla t)  and 3 November (m arsh ).
The d a ta  f o r  2-5 November shows th e  s h o r t  tim e s c a le  o f nanop lank ton  
i n t e r a c t i o n s ,  in  p a r t i c u l a r  HNANO grow th and d e c l in e  (F ig . '7 ) .  The h igh  
grow th and d e n s i t i e s  o f  h e t e r o f l a g e l l a t e s  ( c e l l s  ml” *) i s  fo llo w ed  by a
152
d e c l in e  in  numbers to  am bien t l e v e l s  w ith in  ran g e  o f  t i d a l  v a r i a t io n  
d u rin g  a  3 November c y a n o b a c te r ia  bloom , and th e n  by r a p id  reco v e ry  o f 
h e t e r o f l a g e l l a t e  and h e te r o tr o p h ic  b a c t e r i a  num bers. Growth r a t e s  in  
m u d fla t cham bers d u rin g  Becond grow th p e r io d  ranged  from ji=0.032h“ *; Dt 
2 1 . 8 h to  0 .0 7 h ” *; Dt 9 .9 h  w ith  an av erag e  p=0.049 h“ *; Dt 1 4 .lh  and were 
s im i la r  to  th o se  o f p re v io u s  grow th p e r io d . HNANO grow th r a te s  a t  th e  
m arsh s t a t i o n  w ere s im i la r  to  m u d fla t b u t some were c o n s id e ra b ly  h ig h e r  
( ra n g e  0.031 to  0 .102  h ~ * ). Growth r a t e s  a l s o  a r e  grouped a t  th e  
e i t h e r  end o f  th e  ran g e ; d o u b lin g  tim es a re  e i t h e r  ap p ro x im ate ly  2 0  hours 
o r  9 h o u rs . Chamber grow th  cu rv es  (F ig .  7) in d i c a te  t h a t  h ig h  grow th (2  
to  4 d iv is io n s  p e r  day) and h ig h  HNANO y ie ld  was p o s s ib le  w ith  r e l a t i v e l y  
low b a c t e r i a  c o n c e n tra t io n s  (3 .0  -  5 .0  x 10® c e l l  ml” * ) .
E nv ironm enta l HNANO abundances d u rin g  th e  experim en t were v a r ia b le  
and h ig h  d e n s i t i e s  w ere n o t s u s ta in e d  as  lo n g  a s  i n  chamber p o p u la tio n s  
( F ig .  7 ) .  E nvironm enta l sam pling d u r in g  th e  in te n s iv e  sam pling  p e r io d  
(O ct 26 -  Nov 5 ) a ls o  re v e a le d  th a t  am bient HNANO v a ry  in d e p e n d e n tly  o f 
b a c t e r i a  abundances; th e  peak in  HNANO ( i . e . ,  Nov 2) d id  no t occur 
s im u lta n e o u s ly  w ith  in c re a s e d  b a c t e r i a  c o n c e n tr a t io n s .  For exam ple, on 3 
November b a c t e r i a  d e n s i t i e s  in c re a s e d  c o n c u rre n tly  w ith  te m p era tu re  
in c re a s e  and rem ained r e l a t i v e l y  h ig h  f o r  s e v e r a l  days w h ile  
en v iro n m en ta l h e t e r o f l a g e l l a t e s  d e c re a se d  and a u t o f l a g e l l a t e s  in c re a s e d .  
T his p a t t e r n  o r  la c k  o f d e f in e d  en v iro n m en ta l p re d a to r -p re y  c y c le s  where 
th e  h e t e r o f l a g e l l a t e  d e n s i ty  ( s in u s o id a l )  cu rv e  la g s  t h a t  o f  b a c t e r i a  by 
3 to  5 d a y s , waB confirm ed by com parison o f  f lu c tu a t io n s  o f HNANO and 
b a c te r ia  abundances from  4 O ctober th ro u g h  9 November. 1
1 5 3
G razing
Both m u d fla t and m arsh chamber HNANO p o p u la t io n s  w ere dom inated  by 
la r g e  fo rm s, some c o n ta in in g  In g e s te d  c y a n o b a c te r ia .  G razing  r a t e  
d e te rm in a tio n s  r e v e a l  s im i la r  t r e n d s  a t  bo th  s t a t i o n s .  I n g e s t io n  and 
c le a ra n c e  r a t e s  w ere v a r i a b le  b u t a l l  o ccu rred  w i th in  th e  h ig h  end o f  th e  
s e a s o n a l  ran g e  f o r  am bien t s a l t  m arsh  p o p u la tio n s  (C h ap te r 3 ) .  I n g e s t io n  
ranged  betw een 50 to  130 b a c t  h-  ^ (1200 -  3120 b a c t d""^ -) (a v e . « 8 6  b a c t 
h“ * o r  2064 b a c t  d**^ 1) and c le a r a n c e  r a t e s  ranged  betw een 0 .39  to  0 .7 6  p i  
d“ l  ( a v e . “  0 .5 4  j i l  d“ * ) .  C le a ran ce  r a t e s  w ith  c y a n o b a c te r ia  a s  p re y  
w ere v a r i a b l e  (0 .2 4  -  0 .7 0  j i l  d” *) and in g e s t io n  r a t e s  ranged  betw een 6  
to  20 b a c t  h“ * . G razing  r a t e s  in  cham bers w here th e  la rg e  form s and 
a g g re g a te s  w ere m ost abu n d an t produced  th e  h ig h e s t  ran g e  o f  r a t e s  ran g in g  
betw een 70 -  130 b a c t  h” 1^. V a r i a b i l i t y  i n  in g e s t io n  r a t e s  d id  n o t  appear 
c lo s e ly  c o r r e l a t e d  to  g row th  r a t e s ,  b u t may be e x p la in e d  by d i f f e r e n c e s  
i n  assem b lag es  o f  h e t e r o f l a g e l l a t e s  and b a c t e r i a .
The marked d e c re a se  i n  abundances o f  l a r g e r  ro d -sh ap ed  b a c t e r i a  
( 1 .0  x 3 .0  jim) and c y a n o b a c te r ia  (B iz e  range 0 .5  x 0 .3  pm to  1 .0  x  3 .0  
jim) in  a l l  cham bers a f t e r  24 h o u rs  in d ic a te d  p r e f e r e n t i a l  g ra z in g  o f 
l a r g e r  b a c t e r i a .  In  c o n t r a s t ,  m arsh chamber h e te r o t r o p h ic  b a c t e r i a l  
abundances and s p e c ie s  c o m p o s itio n , f lu c tu a te d  in d e p e n d e n tly  o f  th e  
h e t e r o f l a g e l l a t e  p o p u la tio n .  P lo t s  o f  m arsh cham bers in d i c a te  no 
a p p a re n t s i g n i f i c a n t  g ra z in g  im pact on th e  t o t a l  b a c t e r i a  p o p u la t io n  due 
in  p a r t  to  in c r e a s in g  c l u s t e r s  o f  v e ry  sm a ll c y a n o b a c te r ia  a l s o  
f l o u r i s h i n g  in  th e  m arsh p o o l and in c re a s e  in  h e te r o t r o p h ic  b a c t e r i a l  
g row th  w ith  d e c re a se  in  N02“  and NO3 - . Ambient and chamber11 
h e t e r o f l a g e l l a t e  p o p u la t io n s  d e c l in e d  in  num bers, s p e c ie s  d i v e r s i t y  and
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s i z e s  in  a l l  cham bers by 29 O ctober and c le a ra n c e  and g ra z in g  r a te s  a l s o  
d ec re a se d  in  most cham bers to  a  ran g e  o f  F= 0 . 1 2  to  0 .3 0  d” * and
in g e s t io n  r a t e  1 = 50 to  6 8  b a c t e r ia  h_ 1  o r  1200 -  1680 b a c t e r i a  d~*. The 
second  grow th p e r io d  o f 2 -5  November was c h a ra c te r iz e d  by in c re a s e d  
d i v e r s i t y  and s i z e  o f  h e t e r o f l a g e l l a t e  s p e c ie s .  G razing  and c le a ra n c e  
r a t e s  a t  b o th  s t a t i o n s  in c re a s e d  from 80 to  100 (a v e . 92 ±14; F= 0 .4 4  p i  
d "* ) i n  th o s e  chambers dom inated by p o in te d  b o d ies  and l a r g e  bodonid 
form s (100 -  200 pm ^). R ates in  cham bers c o n ta in in g  s m a l le r  form s ranged 
betw een 40 to  60 b a c t e r i a  h” 1 ; F= 0 .2 8  p i  d_ 1 . Medium and la r g e - s i z e d  
b a c t e r i a ,  p a r t i c u l a r l y  c y a n o b a c te r ia ,  d e c re a se d  c o n s id e ra b ly  in  a l l  
cham bers d u rin g  3-5  November a f t e r  a 24 h o u r p e rio d  o f a c t iv e  grow th and 
g ra z in g  i n  a l l  cham bers d u rin g  3-5 November (F ig . 7 and T ab le  2 ) .  
B a c te r ia l  biom ass a l s o  d ec re a se d  b u t t o t a l  numbers d u r in g  th i s  i n t e r v a l  
rem ained a t  am bient l e v e l s ;  p e rhaps because  o f a c t iv e ly  growing s m a l le r  
to  m edium -sized b a c t e r i a .
A p r i l  1983 Growth and G razing  Experim ent
I n i t i a l  en v iro n m en ta l c o n d itio n s  o f  A p r i l  1983 w ere ty p ic a l  o f 
s p r in g  warming tr e n d  w ith  d a i ly  av erag e  te m p e ra tu re s  o f  ap p ro x im ate ly  
15°C. T em peratures were s im i la r  to  th e  autumn p e r io d , b u t s a l i n i t i e s  
w ere c o n s id e ra b ly  low er due to  in c re a s e d  r a i n f a l l  o f p re v io u s  m onths. 
S a l i n i t y  reg im e o f  V ir g in ia  e s tu a r i e s  In d ic a te d  a  g r e a t e r  than  av e ra g e  
in t r u s i o n  o r  e x te n s io n  o f  f re sh w a te r  dow nstream . S p rin g  n u t r i e n t  
c o n c e n tra t io n s  w ere s l i g h t l y  h ig h e r  th a n  summer v a lu es  though  n o t a s  
e le v a te d  a s  th o s e  m easured d u rin g  th e  autumn p e r io d . B a c te r ia  
c o n c e n tr a t io n s  in c re a s e d  above th e  w in te r  low o f 2-4 x  1 0 ^ to  4 - 8  x  10^ 
c e l l s  ml- 1  ran g e  d u rin g  A p r i l  sam pling .
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In te n s iv e  sam pling  b ra c k e tin g  m id-day (A p r il  13) low t i d e  c y c le  
re v e a le d  a  la rg e  d a l ly  te m p e ra tu re  range  (12 -  22°C ), a  p u ls e  o f h e te r o -  
and p h y to f l a g e l l a te s  ( in c lu d in g  h ig h  numbers of c ryp tom onads), 
c h lo ro p h y l l  a ,  u n a tta c h e d  b a c t e r i a ,  g am etes , and a peak In  g lu c o se .
These peaks were p a r t i c u l a r l y  e v id e n t (F ig .  9 ) d u rin g  p e r io d  o f  a f te rn o o n  
low  w a te r and warmer te m p e ra tu re s  a t  m arsh t i d a l  poo l s i t e .  D uring A p r il  
18 (b ra c k e t in g  b o th  low  and h ig h  t i d e )  m ost n u t r i e n t  p a ram e te rs  were low 
(e x c e p t f o r  N03“ ) as  te m p e ra tu re s  and s a l i n i t i e s  f e l l  m arkedly  w ith  
even ing  s n o w fa ll .  Anomalous w ea th e r c o n d i t io n s  r e p re s e n t  t r a n s i t i o n  
p e r io d  v a r i a b i l i t y .  W ith in  48 to  60 h o u rs  warming tre n d  and p e r io d s  o f 
low ex tended  t i d e s  resumed w ith  a  re c u r re n c e  o f  low t i d e  nanop lank ton  
assem blage . N anoplankton p o p u la tio n s  and chamber grow th  dynamics 
r e f l e c te d  am bient p a t t e r n s .
B a c te r ia  Growth
D a lly  sam pling  in d ic a te d  b a c t e r i a  d e c re a se d  d u r in g  p e r io d s  o f low 
te m p e ra tu re  and h ig h e r  w a te r  ( t i d e s )  b u t d em o n stra ted  ra p id  re c o v e ry  w ith  
in c re a s in g  te m p e ra tu re . Growth r a t e s  v a r ie d  betw een 0 .024  and 0.081 h- 1  
b u t m ost r a t e s  f e l l  between 0 .027 and 0 .055  h“ * , av e ra g in g  0 .032  h“ * . 
D uring th e  13 -  17 A p r i l  p e r io d  medium and l a r g e  s i z e  (0 .2 2  to  0 .7  pm^) 
b a c t e r ia  w ere ab u n d an t. Growth r a t e s  ( “ <0 .03  h” * ) ,  s iz e  d i s t r i b u t i o n ,  
and abundances i n  1 . 0  /im c o n t ro l  cham bers d e c re a se d  w ith  d ec re a se d  
te m p e ra tu re s  and s a l i n i t i e s  of 18 -  20 A p r i l .  B a c te r ia  p o p u la tio n s  
s h i f t e d  a g a in  w ith  an in c re a s e  in  b o th  medium and l a r g e  s iz e  component
Q  y
in c lu d in g  c y a n o b a c te r ia  (> 0 .3  jin r) and abundan t f in e  d u s t (v e ry  sm a ll 
b a c t e r i a  VSB, <0.1 jim^). Growth r a t e s  in c re a s e d  s l i g h t l y  ( “ <0.06 h- ^ ) as
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te m p e ra tu re s  and s a l i n i t i e s  re tu rn e d  to  norm al d u rin g  p e r io d s  o f extended 
low w a te r .
H e te r o f l a g e l l a te  Growth
The I n i t i a l  h e t e r o f l a g e l l a t e  assem blage o f  th e  m u d fla t grow th and 
g ra z in g  chambers was composed o f  an assem blage o f  th r e e  d i f f e r e n t  ty p es  
and s iz e s  o f monads and bod o n id s , abundant i n  am bient a t  low t i d e .
Growth p a t te r n s  d em o n stra te  v a r i a b i l i t y  i n  tim e c o u rse  and m agnitude o f 
g row th  re sp o n se  (F ig .  8 ) .  I n i t i a l  grow th a t  th e  m u d fla t began e i t h e r  a t  
a  slow  r a t e  jx® 0 .021h”  ^ o r  a t  r e l a t i v e l y  h ig h  r a t e s  ( ra n g e  0 .036  h” -^ 
to  0 .0 6 2  h” ^) fo llo w in g  a  24 to  48 hou r la g  p h a se . Growth c o in c id e d  w ith  
in c re a s e d  numbers o f mixed s iz e s  o f  b a c t e r i a  in  cham bers. M udflat 
cham bers d em o n stra te  two p e r io d s  o f  grow th (F ig .  8 ) .  The second p e rio d  
o f grow th was c h a ra c te r iz e d  by r e l a t i v e l y  ra p id  grow th o f more th a n  one 
d iv i s io n  p e r  day and h ig h  y ie ld  in  h e t e r o f l a g e l l a t e  c e l l  numbers and 
b io m ass. The l e v e l s  exceeded th e  annual am bien t ra n g e . The in c re a s e  o f 
r e l a t i v e  s iz e s  and B pecies d iv e r s i ty  o f HNANO i n  m u d fla t cham bers 
(m im icked) in c re a s e s  observed  in  i s o la te d  t i d a l  p o o ls  d u rin g  low  t i d e s  o f 
th e  s p r in g  t r a n s i t i o n  p e r io d . S ize s  ranged  from  15 jim^ o f sm a ll monads 
and bodonids to  75 o f l a r g e r  bodonid and Paraphysom onas-l i k e  fo rm s, 
b u t was dom inated by 30 jxm  ^ c h o a n o f la g e l la te  and m onad -like  fo rm s.
The h ig h  HNANO grow th r a t e s  and c e l l  y ie ld  i n  m u d fla t cham bers a ls o  
o c c u rre d  d u rin g  a  p e r io d  o f d e c re a s in g  te m p e ra tu re s  (16-21 A p r i l ) .  Low 
te m p e ra tu re s  a p p a re n tly  had l i t t l e  ad v e rse  a f f e c t  on h e t e r o f l a g e l l a t e  
grow th  r a t e s  a lth o u g h  am bient b a c t e r i a  abundances and grow th r a t e s  
d e c re a se d  d u rin g  18-20 A p r il  (F ig . 8 ) .  Peak h e t e r o f l a g e l l a t e  grow th 
c o in c id e d  w ith  g r e a t e r  am bient HNANO abundances. The d e c re a se  o f
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F igu re  8 . T em peratu re , s a l i n i t y ,  a u to tro p h s ,  and h e t e r o f l a g e l l a t e s
v e r s u s  b a c t e r ia  d e n s i t i e s  f o r  i n  s i t u  d i f f u s io n  chambers and 
f o r  am bient p o p u la tio n s  d u r in g  13-23 A p r i l  1983> a t  th e  m u d fla t 
s t a t i o n .
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b a c t e r i a  In  cham bers r e l a t i v e  to  am bient in d ic a te d  p o s s ib le  g ra z in g  
e f f e c t  (F ig .  8 ) .  However, as  in  th e  autumn e x p e rim e n ts , th e  h ig h  
h e t e r o f l a g e l l a t e  d e n s i t i e s  and in c re a s in g  b iom ass rem ained e le v a te d  even 
a t  r e l a t i v e l y  low b a c t e r i a l  c o n c e n tra t io n s .  F ig u re s  9 and 10 show th a t  
th a t  h e t e r o f l a g e l l a t e s  e v e n tu a l ly  d e c re a se  i n  0 . 2 0  jim chambers b u t r a th e r  
th e  'c r a s h '  i n  th e  c l a s s i c  p re d a to r -p re y  c y c le ,  r e tu r n  to  c o n c e n tra tio n s  
ty p ic a l  o f  th e  am bient ra n g e , c o n c e n tra t io n s  ty p i c a l  o f  am bient ra n g e . 
Reduced b a c t e r i a  l e v e l s  q u ic k ly  reco v e red  to  l e v e l s  ty p ic a l  o f  th e  upper 
am bient ran g e  w ith in  24 ho u rs  o f HNANO d e c re a s e .
The 1 .0  jim chamber in c u b a te d  a t  th e  m u d fla t s t a t i o n  (F ig . 8 ) 
r e f l e c te d  am bient f lu c tu a t io n s  in  HNANO u n t i l  16 A p r i l  when in c re a s e d  
d e n s i t i e s  in d ic a te d  slow  grow th (ji= 0 .025h- * ) .  The 1 .0  jim grow th cu rve  
shows co n tin u ed  grow th th ro u g h o u t th e  p e r io d  o f maximum env iro n m en ta l 
HNANO c o n c e n tr a t io n s .  HNANO d e n s i t i e s  ach iev ed  d u rin g  th e  in c u b a tio n , 
a lth o u g h  s l i g h t l y  l e s s  th an  0 . 2 0  jim cham bers, were much h ig h e r  th a n  in  
th e  am b ien t. S p ec ies  com po sitio n  in c re a se d  to  in c lu d e  l a r g e r  s p e c ie s .  
C h o a n o f la g e lla te s  d e n s i t i e s  in c re a s e d  c o n c u r re n t ly ,  d u rin g  th e  maximum 
grow th p e r io d  (18 -  21 A p r i l ) ,  w ith  in c re a s e s  i n  am bient ( t i d a l  p o o l, 21 
A p r il)  and 0 .20  >im chamber p o p u la t io n s .  B a c te r ia  d ec re ase d  s l i g h t l y  in  
com parison w ith  am bient p erh ap s in d ic a t in g  g ra z in g  Im pac t. However 
u n l ik e  0 .2 0  jim cham bers where HNANO numbers d e c re a se d  s ig n i f i c a n t l y  a f t e r  
21 A p r i l ,  grow th in  1 .0  )m chamber co n tin u ed  th ro u g h  23 A p r i l .
Growth cu rv es  from  th e  f i r s t  s e r i e s  o f  m arsh chamber in c u b a tio n s  
begun 13 A p r i l  1983 r e v e a l  grow th p a t te r n s  s im i la r  to  m u d fla t cham bers 
(F ig . 9 ) .  These in c lu d e d  la g  p e r io d s  and two p e r io d s  o f  grow th w ith  an 
o v e r a l l  av erag e  f o r  13 -  21 A p r i l  o f  ji*» 0 .032h“ * , Dt 22h; and maximum
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h e t e r o f l a g e l l a t e  d e n s i t i e s  o f  2 -  4 x 10^ c e l l s  ml” * . The m arsh  chambers 
c o n ta in e d  a  r e l a t i v e l y  la rg e  d i s t r i b u t i o n  o f medium and l a r g e r  s iz e d  
b a c t e r i a  ty p i c a l  o f  m arsh poo l a t  low t i d e .  I n c re a s e s  in  chamber 
b a c t e r i a  c o n c e n tra t io n s  to  6  to  8  x  1 0 ® c e l l s  ml"* co rresponded  to  
in c re a s in g  en v iro n m en ta l c o n c e n tr a t io n s .  I n i t i a l  h e t e r o f l a g e l l a t e  grow th 
i n  cham bers, o c u r r in g  w ith o u t a  la g  p h a se , was r e l a t i v e l y  slow  (a v e . 
p = 0 .0 2 , Dt 33h , k=0.67d"”*) and p erh ap s was m ost r e p r e s e n ta t iv e  o f  am bient 
HNANO r a t e s .  In c re a s e d  grow th (ran g e  p a 0 .027 to  0 .068  h” *) o ccu rred  in  
0 .2 0  pm and 1 .0  pm cham bers betw een 15 and 18 A p r i l .  T h is second  grow th 
p e r io d ,  c h a r a c te r iz e d  by In c re a s e d  d e n s i t i e s , s i z e ,  and d iv e r s i t y  o f 
h e t e r o f l a g e l l a t e  assem blage (1 .2  to  2 .5  x  10^ c e l l s  ml”"* “  T ab le  2 ) ,  
o ccu rred  in  synchrony w ith  grow th i n  m u d fla t cham bers and in c re a s in g  
am bient c o n c e n tr a t io n s .  HNANO c o n c e n tr a t io n s  w ere much g r e a te r  (5 to  10 
tim e s )  th a n  am bient a f t e r  3 to  5 days o f  grow th (16 A p r i l ,  F ig .  10 ). 
H e te r o f l a g e l l a te  g ra z in g  im p a c t, a s  i n  m u d fla t cham bers, i s  e v id e n t i n  
m arsh cu rv es  (F ig  . 9 )  w here 0 .20  pm chamber b a c t e r i a  p o p u la tio n s  
rem ain  c o n s id e ra b ly  below  am bient l e v e l s .  F la g e l l a t e  d e n s i t i e s  a lso  
d ec re a se d  fo llo w in g  th e  d e c re a se  in  b a c t e r ia  d e n s i t i e s  bu t co n tin u ed  to  
f lu c t u a te  s l i g h t l y  above am bien t l e v e l s .
The e n v iro n m e n ta lly  r e p r e s e n ta t iv e  p o p u la tio n s  and c o n d it io n s  of 
1 . 0  pm cham bers a r e  p a r t i c u l a r l y  e v id e n t th ro u g h  com parison w ith  m arsh 
am bient g raphs (F ig .  9 ) .  B a c te r ia  c o n c e n tra t io n s  i n  1 .0  pm cham bers 
r e f l e c t  f lu c tu a t io n s  i n  am bient d a i ly  p a t t e r n .  Changes in  grow th  r a te s  
co rresp o n d  to  te m p e ra tu re  and s a l i n i t y  changes d u r in g  th e  ip c u b a tio n  
p e r io d .  The f i r s t  s e r i e s  o f 1 .0  pm cham bers i n i t i a t e d  13 A p r i l  
d em o n stra ted  e i t h e r  a  la g  phase to  slow  grow th (p B 0 .014  to  0 .018  h~*) in
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F ig u re  9 . T em pera tu re , s a l i n i t y ,  a u to tro p h s ,  and h e t e r o f l a g e l l a t e s
v e rs u s  b a c t e r i a  d e n s i t i e s  f o r  in  s i t u  d i f f u s io n  chambers and 
f o r  am bient p o p u la tio n s  d u rin g  13-23 A p r il  1983 a t  th e  m arsh 
s t a t i o n .
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th e  f i r s t  48 hours* The d e c re a se  in  HNANO numbers i n  r e f l e c t e d  th e  
am bient d e c re a se  in  m arsh p o p u la tio n s  a t  low  w ater* Growth r a te s  o f a t  
l e a s t  one d iv i s io n  p e r  day (pa 0.028 h*"1 , Dt ~24h) w ere c o in c id e n t w ith  
an  in c re a s e  i n  m arsh p o o l HNANO numbers d u rin g  16 -  19 A p r il  p e r io d . In  
c o n t r a s t  to  0 . 2 0  pm cham bers th e  in c re a s e  o f  b a c te r ia  i n  m arsh 1 . 0  pm 
chambers co n tin u e d  to  mimic am bient p a t t e r n s  and su p p o rte d  co n tin u ed  
h e t e r o f l a g e l l a t e  grow th th ro u g h  th e  e n t i r e  in c u b a t io n .
The second s e r i e s  o f  chambers (1 .0  pm) was i n i t i a t e d  on 18 A p r il  
d u rin g  a  p e r io d  o f  low te m p e ra tu re . Growth began w ith o u t a  la g  phase a t  
r e l a t i v e l y  h ig h  r a t e s  (p= 0.031 and 0 .063  h " 1) ,  and was synchronous w ith  
th e  second grow th p e r io d  o f  th e  f i r B t  s e r i e s  o f 0 . 2 0  and 1 . 0  pm cham bers. 
HNANO in  th e  second s e r i e s  1 .0  pm cham bers w ere dom inated by two forms 
ty p ic a l  o f  e a r ly  grow th s ta g e s  in  cham bers. S ize s  ( c e l l  volumes -  15 to  
50 pm ) in c re a s e d  B lig h t ly  a s  HNANO numbers in c re a s e d  above am bient 
l e v e l s .  The sub seq u en t d e c re a se  in  m arsh HNANO p o p u la tio n s  was due 
perhaps to  s t r e s s  o f  reduced  s a l i n i t i e s  and la rg e  te m p e ra tu re  ra n g e s )  and 
change in  am bien t b a c t e r i a  assem b lag es . A c c e le ra te d  grow th (p B 0 .062  and 
0 .105  h” 1 ) i n  th e se  cham bers co rresponded  to  an in c re a s e  i n  en v ironm en ta l 
HNANO and in c re a s e  i n  numbers and d iv e r s i t y  o f  b a c t e r i a  a t  th e  m arsh pool 
d u rin g  a p e r io d  (21 -  23 A p r i l )  o f in c re a s in g  te m p e ra tu re s , s a l i n i t i e s ,  
and d u ra tio n  o f low w a te r .  Rapid h e t e r o f l a g e l l a t e  grow th  in  1 .0  pm 
cham bers a l s o  o ccu rred  in  synchrony w ith  am bien t b a c t e r i a  grow th and w ith  
an  in c re a s e  in  abundance o f  l a r g e r  ro d -sh ap ed  b a c t e r ia  and c y a n o b a c te r ia  
and in c re a s e  i n  abundance o f  f in e  d u s t (VSB <0.10 pm^) b a c t e r i a .
C l l i a t e s  and amoebas appeared  in  o n ly  one chamber (F ig . 9 , 1 .0  pm 
cham ber); c o n c e n tra t io n s  o f  20 to  40 c e l l s  ml" 1 were d e te c te d  l a t e  in  th e
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in c u b a tio n .  I n i t i a l  grow th under p re d a t io n  p re s s u re  by c i l i a t e s  a n d /o r  
amoebas a t  c o n c e n tra t io n s  o f  l e s s  th a n  2 0  p e r  ml was r e l a t i v e l y  slow  (p= 
0 .014  to  0 .028  h” 1) .  HNANO c o n c e n tra t io n s  in  t h i s  1 .0  pm chamber reach ed  
l e v e l s  s e v e r a l  tim es g r e a t e r  th an  am bien t a lth o u g h  th e  in c re a s e  was more 
g ra d u a l th a n  in  o th e r  f i r s t  s e r i e s  cham bers. The HNANO c o n c e n tra t io n s  
co n tin u ed  to  in c re a s e  s t e a d i ly  to  th e  end o f th e  sam pling  p e r io d  (23 
A p r il)  (ev en  w ith  c o n c e n tra t io n s  o f 20 -  40 c i l i a t e s  ral” ^) w h ile  b a c t e r i a  
r e f l e c te d  am bient p a t t e r n  o f  in c re a s e .  T h is  may be c o n tra s te d  w ith  o th e r  
cham bers (P ig s .  8 , 9) where b a c t e r i a  d e c re a se  ( s ig n i f i c a n t l y )  and 
h e t e r o f l a g e l l a t e s  r e tu r n  to  am bient l e v e l s .  Thus th e  1 .0  pm chamber 
c o n ta in in g  c i l i a t e s  (w hich g ra z e  b o th  b a c t e r i a  and h e t e r o f l a g e l l a t e s ) , 
a p p ea rs  m ost r e p r e s e n ta t iv e  o f  en v iro n m en ta l p o p u la tio n s .
G razing
G razing  and c le a ra n c e  r a t e s  m easured in  m u d fla t chambers were 
s im i la r  to  m arsh r a t e s  a lth o u g h  more v a r i a b le  d u rin g  i n i t i a l  s ta g e s  o f 
g row th . R a tes  cou ld  be d iv id e d  in to  two d i f f e r e n t  ra n g e s . The low er 
ran g e  o f  ap p ro x im ate ly  33 -  65 b a c t e r i a  h“ * may be ty p i c a l  o f am bient 
p o p u la tio n s .  A s i g n i f i c a n t l y  h ig h e r  ran g e  o f g ra z in g  r a t e s  o f 90 -  120 
b a c t e r i a  h“  ^ may be ty p i c a l  o f in  s i t u  g ra z in g  e x p e rim e n ts . C learan ce  
r a t e s  w ere a l s o  v a r i a b l e ,  ra n g in g  betw een 0.126 ~ 0 .3 5  p i  d- * , w ith  an 
o v e r a l l  av erag e  o f  0 .2  p i  h“ * . G razing  r a te s  d id  n o t  v a ry  w ith  change in  
grow th r a t e s  b u t f r e q u e n t ly  co rresponded  w ith  change in  h e t e r o f l a g e l l a t e  
s p e c ie s  com po sitio n  and ty p e s  o f  b a c t e r i a l  p rey . D uring slow  grow th 
p h a se s , th e  av e ra g e  g ra z in g  and c le a ra n c e  r a te s  v a r ie d  from 7!™ 43 h~* and 
F“ 0 .2 0  p i  h" 1  to  I "  107 h“  and F* 0 .325  p i  h” ^ . As grow th a c c e le r a te d ,
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g ra z in g  r a te s  d id  n o t alw ays in c re a s e  p o rp o r t io n a te ly ;  f o r  exam ple, a  
chamber w ith  th e  h ig h e s t  grow th r a t e  d em onstra ted  low  to  medium g ra z in g  
r a t e s .
The ran g e  o f  c le a ra n c e  r a t e s  (F= 0 .13  to  0 .3 3  ) il  d "* , a v e . 0 .27  p i  
d- i ) and g ra z in g  (35 -  85 b a c te r ia  h- i , a v e . 56 b a c te r ia  h"*) r a t e s  f o r  
m arsh chambers were s im i la r  to  m u d fla t chambers though l e s s  v a r ia b le .
High g ra z in g  r a t e s  (90 to  100 b a c t e r ia  h- ^) o ccu rred  in  l a t e r  s ta g e s  o f 
g row th . G razing  a c t i v i t y  a ls o  co rresponded  more c lo s e ly  w ith  changes i n  
s p e c ie s  com po sitio n  and a v a i la b le  p rey  ( ty p e s  and s iz e s  o f b a c te r ia )  th a n  
w ith  v a ry in g  grow th r a t e s .  As h e t e r o f l a g e l l a t e  d i v e r s i t y  and biom ass 
in c re a s e d  to  in c lu d e  l a r g e r  forms ( p a r t i c u l a r l y  la r g e  b o d o n id s ) , g ra z in g  
r a t e s  in c re a s e d  in  some cham bers. One chamber c o n ta in in g  a  la rg e  
p e rc e n ta g e  o f  a  sm a ll form  resem bling  pleurom onas ja c u la n s  produced a 
lo w er g ra z in g  r a t e  (30  —36 b a c te r ia  h” *j F=0.13^Jd- ^) which i s  c o n s is te n t  
w ith  th e  p re d ic te d  low s p e c ie s - s p e c i f ic  c le a ra n c e  r a t e  f o r  P . .lacu lans  
(F en ch e l 1982b). G razing  r a te s  in c re a s e d  c o n s id e ra b ly  (a v e ra g e  95 
b a c t e r ia  h“ ^) d u rin g  a  p e r io d  o f  ra p id  grow th from  21 -  23 A p r i l ,  
r e f l e c t i n g  th e  in c re a s e d  abundances o f  b a c te r ia  and a v a i l a b i l i t y  o f 
d i f f e r e n t  typeB o f b a c t e r i a l  p rey  In c lu d in g  c y a n o b a c te r ia .
G razing  im pact on b a c t e r i a  o r  d e c re a se  in  b a c t e r i a  below am bient 
l e v e l s  a s  a  r e s u l t  o f  h e t e r o f l a g e l l a t e  g ra z in g  p r e s s u re  can  be a s s e s se d  
e a s i l y  from  com parison o f  chamber and am bient p l o t s .  E p if lu o re sc e n c e  
d i r e c t  co u n ts  o f  b a c t e r ia  i n  0 . 2 0  pm cham bers a t  b o th  s t a t i o n s  re v e a le d  
s im i la r  p a t te r n  o f  d e c re a se  o f  l a r g e r  and medium s iz e d  b a c t e r i a  d u rin g  
p e r io d s  o f  grow th and g ra z in g . However chamber p lo t s  show do g ra z in g  
im pact u n t i l  h e t e r o f l a g e l l a t e s  re a c h  d e n s i t i e s  o f  3 to  10 tim es th a t  o f
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am bient* B a c te r ia  c o n c e n tra t io n s  seldom  dropped below  th e  lo w est range 
o f  en v iro n m en ta l abundances and q u ic k ly  reco v e re d  to  am bien t l e v e l s  when 
h e t e r o f l a g e l l a t e  abundances r e tu rn e d  to  norm al (am b ien t ran g es)*  L ev e ls  
o f  b a c t e r i a  i n  1 . 0  jim cham bers co n tin u ed  to  r e f l e c t  am bien t f lu c tu a t io n s  
i n  grow th even when a c t iv e l y  grow ing and g ra z in g  h e t e r o f l a g e l l a t e  
p o p u la tio n s  reach ed  d e n s i t i e s  g r e a t e r  th a n  am bient c o n c e n tra t io n s .  
E p if lu o re s c e n c e  a n a ly s i s  showed no ev id en ce  o f h e t e r o f l a g e l l a t e  in g e s t io n  
o f  au to tro p h B . The g raphs d id  n o t r e v e a l  any p a t t e r n  o f  d e c re a se  o f 
chamber a u to tro p h s  (F ig s .  8 , 9 ) w hich co u ld  be r e l a t e d  to  
h e t e r o f l a g e l l a t e  abundances o r  g ra z in g  a c t i v i t y .  A u to tro p h s ( s p e c ie s  and 
num bers) f lu c tu a t io n s  co rresponded  to  am bient p a t te r n s  ( F ig s .  8 , 9) and 
o c c a s io n a l ly  in c re a s e d  c o n c u r re n t ly  w ith  h e t e r o f l a g e l l a t e s .  The p lo t s  of 
b a c t e r i a  d e n s i t i e s  and g ra z in g  r a t e s  in d ic a te  h e t e r o f l a g e l l a t e s  in  th e  
m arsh -m udfla t system  p o te n t i a l l y  consume l a r g e  numbers o f  b a c t e r i a , 
however w ith  l i t t l e  g ra z in g  im pact ( o r  g ra z e r  c o n t ro l )  on th e  t o t a l  
b a c t e r i a l  p o p u la t io n .
/
168
DISCUSSION
A se a so n a l su rv ey  o f  s h o r t  term  v a r i a b i l i t y ,  b o th  d a i ly  and h o u rly , 
o f n u t r i e n t  c o n c e n tr a t io n s ,  nanop lank ton  p o p u la tio n s  and in  B itu  
p re d a to r -p re y  I n te r a c t io n s  i n  an e s tu a r in e  m arsh -m u d fla t system  re v e a le d  
th e  dynamic n a tu re  o f  nanop lank ton  p o p u la tio n s  d u rin g  e a r ly  autumn and 
s p r in g  p e r io d s .  O v e ra l l ,  b o th  p e r io d s  e x h ib i te d  s im i la r  ran g es  in  
te m p e ra tu re  (10 -  2 5 °C ), and nanop lank ton  abundances (HNANO ran g e  o f  
ap p ro x . 0 .5  -  5 .0  x 10^ c e l l s  ml” * ) .  A lthough  b a c t e r i a  abundances were 
in te rm e d ia te  to  low , h e t e r o f l a g e l l a t e s  r e l a t i v e  abundances were g r e a te s t  
d u rin g  th e  autum n, s p r in g  t r a n s i t i o n  p e r io d s .  F req u en t sam pling  was 
n e c e ssa ry  to  r e v e a l  s h o r t- te rm  p a t te r n s  o f autumn NO2  maxima and la rg e  
v a r i a b i l i t y  i n  nan o p lan k to n  p o p u la tio n  and dynam ics. F lu c tu a tio n s  in  
h e t e r o f l a g e l l a t e  abundances o ver a d a i ly  t i d a l  c y c le  were f r e q u e n t ly  o f 
g r e a t e r  m agnitude th a n  th o se  observed  o v e r w eekly o r  m onthly tim e 
s c a le s .  I n te n s iv e  sam pling  d u rin g  b o th  autumn and s p r in g  su p p o rted  
p re v io u s ly  observed  phenomena o f  n an o p lan k to n  assem blages in  t i d e  p o o ls  
d u rin g  low w a te r . S h o rt- te rm  peaks o f  d iv e r s e  h e t e r o f l a g e l l a t e  and 
b a c t e r i a  p o p u la tio n s  were observed  in  t i d e  p o o l en v ironm en ts .
In  s i t u  d i f f u s io n  chamber experim en ts  d u rin g  autumn and s p r in g  
p e r io d s  in d ic a te d  t h a t  h ig h  grow th r a t e s  and h ig h  d e n s i t i e s  o f  
h e t e r o f l a g e l l a t e s  co rresp o n d ed  to  p e r io d s  o f  in c re a s e d  am bient 
h e t e r o f l a g e l l a t e  p o p u la tio n s .  P e r io d s  o f chamber grow th  were c o n c u rre n t 
w ith  in c re a s e d  b a c t e r i a l  grow th o r  change i n  s p e c ie s  co m p o sitio n . Both 
chamber and am bient h e t e r o f l a g e l l a t e  abundances and a c t i v i t y  d u rin g
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autumn and s p r in g  t r a n s i t i o n  were a s  g r e a t  a s  th o se  m easured in  th e  
summer when te m p e ra tu re s  and b a c t e r i a l  numbers were g r e a t e r .  Mass 
o ccu rren c e  o f c e l l s  and a c c e le r a te d  grow th o ccu r as  f r e q u e n t ly  as  i n  th e  
summer. C le a r ly ,  an n u a l h e t e r o f l a g e l l a t e  p o p u la tio n  p a t te r n s  in  sh a llo w  
w a te r env ironm ents can  n o t be a t t r i b u t e d  sim ply  to  s e a s o n a l p a t te r n s  in  
b a c t e r i a l  abundance o r te m p e ra tu re  v a r i a t i o n .
B a c te r ia  Growth
B a c te r ia  grow th  r a t e s  were s im i la r  f o r  b o th  f a l l  and s p r in g  (0 .0 3 2  
h” *; Dt ~24 h) w ith  p u ls e s  o f  more r a p id  g row th  o f ;i= 0 .0 5  -  0 .09h“ * 
d u rin g  c y a n o b a c te r ia l  blooms o f O ctober and warming t r e n d s  o f A p r i l .  The 
b a c t e r ia  grow th p a t te r n s  su g g e s t s u b s t r a te  l i m i t a t i o n  b e c a u se , w ith o u t 
g ra z in g  p r e s s u re ,  ex p e rim e n ta l chamber p o p u la tio n s  d id  n o t c o n tin u e  to  
in c re a s e  a f t e r  th e  f i r s t  one o r  two d o u b lin g s  no r exceed maximum 
en v iro n m en ta l maximum o f 1 .3  x lO ^ c e lls  ml” * . The la c k  o f g ra z in g  
p re s s u re  may acc o u n t f o r  f re q u e n t s ta t io n a r y  p hases  in  th e  chambers 
( I t u r r i a g a  1981, C h r is t ia n  e t  a l .  1982, Ferguson e t  a l .  1984, T ay lo r e t  
a l .  1985). W ithout g ra z e r  c o n t ro l  o f  b a c t e r i a l  abundances, env ironm enta l 
(DOM) s u b s t r a te  c o n c e n tra t io n s  can  be d e p le te d  q u ic k ly  a t  norm al grow th 
r a t e s  o r  a f t e r  two d o u b lin g s  (Ammerman e t  a l .  1984, Haagstrom  e t  a l .  
1 984 ). Weekly o r d a i ly  sam pling d u rin g  b o th  autumn and s p r in g  t r a n s i t i o n  
p e r io d s  a ls o  confirm ed  s e a s o n a l tr e n d s  o f  low er grow th r a t e s  w ith  e i t h e r  
d ec re a se d  te m p era tu re  a n d /o r  in c re a s e d  c o n c e n tra t io n  o f n u t r i e n t s .
D uring O ctober d ec re a se d  b a c t e r i a  c o n c e n tra t io n s  i n  th e  m u d fla t may 
r e s u l t  from  a  com bination  o f  d e c re a s in g  te m p e ra tu re s  and in c re a s e  o f NO2 "" 
to  to x ic  l e v e l s .  A d e c re a se  i n  a u to tro p h  p o p u la tio n  d u r in g / O ctober may 
be a n o th e r  f a c to r  c o n t r ib u t in g  to  th e  d e c l in e  in  b a c t e r i a .  In c re a se d
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b a c t e r i a l  s u b s t r a te  l i m i t a t i o n  may r e s u l t  from  d e c re a se d  r e le a s e  o f 
d is s o lv e d  o rg a n ic  m a tte r  (DOM) by a u to tro p h s  (Wiebe e t  a l .  1978, D avis 
and S ie b u r th  1984 ). However e le v a te d  n u t r i e n t  and te m p era tu re  c o n d itio n s  
o f m arsh m u d fla t t i d a l  p o o ls  may have prom oted p a tch y  d i s t r i b u t i o n  o f  
c y a n o b a c te r ia l  blooms ( P a e r l  and U stach  1982, P a e r l  1985 ). R e la t iv e ly  
h ig h  n i t r o g e n  (NO2 "", NO^”") im ported  from  th e  r i v e r  (G alvao 1984), and 
ex tended  p e r io d s  o f low w a te r  in  t i d a l  p o o ls  w ith  a s s o c ia te d  e le v a te d  
te m p e ra tu re s  p ro v id ed  optimum c o n d it io n s  f o r  c y a n o b a c te r ia  g row th . T his 
phenomenon was r e f l e c t e d  in  cham bers w hich a l s o  p ro v id e  an  optimum (h ig h  
n u t r i e n t ,  q u ie s c e n t)  env ironm ent; c y a n o b a c te r ia  f lo u r i s h e d  in  a g g re g a te s  
w ith  h e t e r o f l a g e l l a t e s .
H e te r o f l a g e l l a te  Growth
Growth in  cham bers (F ig s .  7 -9 ) d u rin g  each  f a l l  and s p r in g  
t r a n s i t i o n  p e r io d  was v a r ia b le  a t  th e  s t a r t  o f in c u b a t io n s ,  ty p ic a l  o f  
p re v io u s  d i f f u s io n  chamber experim en ts  (C h ap te r 3 ) .  T h is  i s  la r g e ly  due 
to  v a r i a b i l i t y  induced  by t i d e  and p a tch y  d i s t r i b u t i o n  o f nanop lank ton  
p o p u la tio n s  a t  th e  i n i t i a t i o n  o f in c u b a t io n .  D uring A p r il  th e  abnorm al 
r a p id  d e c re a se  i n  te m p e ra tu re  and su b seq u en t d e c re a se  in  s a l i n i t y  and 
a u to tro p h  p o p u la tio n s  may have c o n tr ib u te d  to  th e  s t a t i c  p o p u la tio n s  o f 
h e t e r o f l a g e l l a t e s  in  some cham bers. E nv ironm enta l v a r i a b i l i t y ,  r a p id ly  
s h i f t i n g  am bient nanop lank ton  p o p u la t io n s ,  and v a r i a t i o n  in  chamber 
p o p u la tio n  grow th su g g e s t i n  s i t u  r a t e s  may change q u ic k ly  o ver a  s h o r t  
p e r io d .  Growth r a t e s  d u rin g  b o th  p e r io d s  ranged  from  an  av erag e  o f  one 
d o u b lin g  p e r  day to  a c c e le r a te d  r a t e s  o f 2 to  3 d o u b lin g s  p p r  day .
Growth may s t a r t  a t  a  f a i r l y  ra p id  r a t e ,  1 .5  to  2 d o u b lin g s  o r  d iv i s io n s
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p e r  day , I f  optimum c o n d it io n s  such  as  food  re s o u rc e s  e x i s t  a t  th e  
beg in n in g  o f th e  in c u b a tio n .
H e te r o f la g e l la te  p o p u la tio n s  in  cham bers o f te n  d em o n stra te  two 
phases o f  grow th a s  e v id e n t i n  A p r i l  cham ber p lo t s  (F ig s .  8 , 9 ) .  The 
i n i t i a l  la g  phase o r  s lo w er r a t e s  ran g in g  from 0 .0 2  to  0 .035  h“ * , and 
av erag e  d o u b lin g  tim es o f  24 h o u rs  o r  g r e a t e r  i s  p erhaps c h a r a c t e r i s t i c  
o f am bien t u n s ta b le  c o n d it io n s  (F en ch e l 1982d, 1985, Furnas 1982b, S h e rr  
e t  a l .  1984, D avis e t  a l .  1985, C hap ter 3 ) .  H e te r o f l a g e l l a te s  i n  both  
th e  environm ent and i n i t i a l l y ,  i n  d i f f u s io n  cham bers a re  
c h a r a c t e r i s t i c a l l y  s m a lle r  and l e s s  ro b u s t  in  ap p ea ran ce  (F en ch e l 
1 9 8 2 a ,c ; F r i t z  unpub l. m an.) th a n  w e ll - f e d  la b o ra to ry  c u l tu r e s  grown w ith  
an  abundance o f c u l tu re d  b a c t e r i a  (Ammerman e t  a l .  1984, Ferguson e t  a l .  
1984). A la g  phase in  grow th may r e s u l t  from  h a n d lin g  d is tu rb a n c e  o f 
in n o c u la t io n  o r may in d ic a te  f o o d - l im l ta t io n .  D iv is io n s  may n o t occu r 
u n t i l  a f t e r  B evera l hou rs a f t e r  a c t iv e  g ra z in g . Ensuing r a p id  d iv is io n s  
may in d i c a te  a d a p ta tio n  to  a  more f a v o ra b le  environm ent where fo o d - 
l i m i t a t i o n  i s  no lo n g e r  a  f a c t o r .
A second phase o f in c re a s e d  g row th , observed  in  chambers d u rin g  b o th  
t r a n s i t i o n  p e r io d s ,  su g g e s t th a t  h e t e r o f l a g e l l a t e s  have a c c lim a te d  to  
chamber c o n d i t io n s .  Chambers r e p re s e n t  s p e c ia l iz e d  c o n d it io n s  o f th e  t i d a l  
p o o ls  a t  low w a te r where a d v e c tio n  e f f e c t s  a re  removed and m ic ro n ich e s  a re  
more s t a b l e .  A second phase o f  cham ber grow th i s  a ls o  c h a ra c te r iz e d  by 
in c re a s e d  d iv e r s i ty  and s i z e  o f  h e t e r o f l a g e l l a t e s  s im i la r  to  th a t  
o bserved  i n  s i t u  d u rin g  p e r io d s  o f  ex tended  low w a te r . Autumn and s p r in g  
low w a te r p e r io d s  a ls o  w ere c h a ra c te r iz e d  by d iv e r s i t y  o f fpod so u rc e s  
in c lu d in g  c y a n o b a c te r ia  an d , i n  A p r i l ,  gam etes o f  m o llu sc s . However
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h e t e r o f l a g e l l a t e  d e n s i t i e s  ach iev ed  in  th e  chambers w ere much g r e a te r  and 
w ere s u s ta in e d  lo n g e r  th a n  th o se  o f  am bien t t i d a l  p o o ls  where blooms a re  
d is ru p te d  by a d v e c tio n  e f f e c t s .
The h ig h e r  grow th r a t e s  and d e n s i t i e s  observed  d u r in g  th e  t r a n s i t i o n  
p e r io d s  in  th e  m arsh -m u d fla t d i f f u s io n  cham bers w ere s im i la r  to  th o se  
de te rm in ed  by S h e rr  and S h e rr (1983) in  la b o ra to r y  in c u b a tio n s  a t  
en v iro n m e n ta lly  r e p r e s e n ta t iv e  te m p e ra tu re s . R ates w ere n o t a s  h ig h  as 
th o se  r e p o r te d  by F enchel (1 9 8 2 a ,b ) however F e n c h e l 's  c u l tu re d  o rganism s 
w ere fe d  l a r g e r  b a c t e r i a  ( 0 . 6 6  pm^) and a t  d e n s i t i e s  much h ig h e r  ( 1 0  ^ to  
10^ c e l l s  ml” *) th a n  o ccu r i n  th e  V irg in ia  m arsh . The f u l l  ran g e  o f  in  
s i t u  r a t e s  f o r  d i f f e r e n t  grow th phases in  b o th  s p r in g  and autumn 
c o in c id e d  in s te a d  w ith  F e n c h e l 's  (1982d) e s tim a te d  ran g e  o f  grow th r a t e s  
d e r iv e d  from en v iro n m en ta l o b s e rv a tio n s .
V a r i a b i l i t y
O b se rv a tio n s  o f grow th and g ra z in g  a c t i v i t y  ( F ig s .  7 -9 ; T ab les  1 and 
3) f o r  b o th  s p r in g  and f a l l  In c u b a tio n s  d em o n stra te  g r e a t  v a r i a b i l i t y  in  
r a t e s  i n  th e  m arsh -m udfla t system . D uring O c to b er, v a r i a b i l i t y  i n  grow th 
re sp o n se  may be a t t r i b u t e d  to  a  com bination  o f  u n u su a l n u t r i e n t  
c o n d it io n s  r e l a t i v e  to  p re v io u s  months and th e  p re se n c e  o f denBe 
c y a n o b a c te r ia  assem b lag es . The autumn am bient and cham ber nanoplank ton  
assem blages i n i t i a l l y  c o n ta in e d  la r g e  h e t e r o f l a g e l l a t e s  forms 
( Paraphysom onas) w hich , from  m ic ro sco p ic  o b s e rv a t io n s ,  w ere a c t iv e ly  
d ig e s t in g  c y a n o b a c te r ia .  C y an o b ac te ria  a g g re g a te s  p ro v id e  an optimum
food so u rce  because t h e i r  la rg e  s i z e ,  mucoid s h e a th s ,  In c lu d in g  b a c t e r i a l
/
a s s o c ia t io n s ,  and clumped d i s t r i b u t i o n  f a c i l i t a t e  e f f i c i e n t  fe e d in g  
(F en ch e l 1982a, P a e r l  1983, Landry e t  a l .  1984, G ast 1985 ). T h e ir
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p re se n c e  may have prom oted th e  I n i t i a l  p u ls e  o f  grow th by th e  la rg e  
h e t e r o f l a g e l l a t e s  in  cham bers. The u n u su a lly  h ig h  and p o te n t i a l ly  to x ic  
l e v e l s  o f  NO2  and d ec reased  b a c t e r i a  p o p u la tio n s  p a r t i c u l a r l y  i n  m udfla t 
cham bers, may have c o n tr ib u te d  to  th e  sub seq u en t d e c l in e  o f 
h e t e r o f l a g e l l a t e s  d u rin g  th e  l a s t  days o f  O c to b er.
The optimum grow th p e r io d  f o r  chamber p o p u la tio n s  o ccu rred  d u rin g  th e  
second i n t e r v a l  (2 -5  November) when h e t e r o f l a g e l l a t e s  a l s o  reached  
maximum en v iro n m en ta l c o n c e n tra t io n s  d u rin g  p e r io d s  o f  ex tended  low t i d e .  
N anoplankton abundances in  t i d a l  p o o ls  and cham bers may r e f l e c t  th e  
d e c re a se d  N0 £ l e v e l s  and in c re a s e d  te m p e ra tu re s  and b a c t e r i a  assem b lag es , 
p a r t i c u l a r l y  c y a n o b a c te r ia  b loom s, su r fa c e  f i lm s  and q u ie sc e n t t id e  pool 
en v iro n m en ts . Autumn cham bers w ere c h a ra c te r iz e d  by p r o l i f e r a t i o n  of 
a g g re g a te s  composed o f v e ry  la rg e  c y a n o b a c te r ia  (A n a c y s tis , M ic ro c y s tis , 
Agmenellum), and many l a r g e r  h e t e r o f l a g e l l a t e  (75 -  125 pm^) form s. 
Chamber h e t e r o f l a g e l l a t e  ra p id  grow th  and in c re a s e  in  s i z e  and d iv e r s i ty  
in d ic a te d  an  o p p o r tu n is t ic  re sp o n se  o r  r a p id  s e le c t io n  f o r  la r g e r  forms 
dependent on a v a i la b le  ty p es  o f  p re y . H e te r o f l a g e l l a te  grow th cu rves 
d u rin g  r a p id  c y a n o b a c te r ia l  grow th in d ic a te d  th e  p o s s ib le  su p p re ss io n  o f 
h e t e r o f l a g e l l a t e  grow th f o r  a  s h o r t  p e r io d ; how ever, a  d iv e rs e  assem blage 
o f l a r g e  h e t e r o f l a g e l l a t e s  c a p a b le  o f In g e s t in g  c y a n o b a c te r ia  
s u b se q u e n tly  developed w ith in  l e s s  than  24 h o u rs .  Rapid developm ent o f 
t h i s  assem blage dem onstra ted  th e  g r e a t  p o t e n t i a l  f o r  r a p id  reco v e ry  and 
grow th and th e  o p p o r tu n is t ic  g ra z in g  re sp o n se  o f  h e t e r o f l a g e l l a t e s .
D ata from  A p r il  re v e a le d  even g r e a te r  v a r i a b i l i t y  betw een chambers 
from  m arsh and m u d fla t s t a t i o n s  th a n  e v id e n t in  autum n. Maximum grow th 
o c c u rre d  w ith in  th e  2nd th ro u g h  th e  4 th  day o f  th e  A p r il  in c u b a tio n . The
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p re sen ce  o£ h e t e r o f l a g e l l a t e  p r e d a to r s ,  e . g . ,  d i l a t e s  and am oebas, may 
accoun t i n  p a r t  f o r  v a r i a b i l i t y  in  e s tim a te d  grow th  r a t e s ,  however 
p re d a to rs  (am oebas) w ere d e te c te d  i n  o n ly  one chamber a t  th e  i n i t i a t i o n  
o f  th e  experim en t and b a c t iv e ro u s  c i l i a t e s  ap p ea red  o n ly  tow ards th e  end 
of one o u t o f e ig h t  chamber in c u b a t io n s .  The r o le  o f p re d a to r s  in  
c o n tr ib u t in g  to  I r r e g u la r  p o p u la tio n  abundances o r  a c tu a l  d e c re a se  of 
h e t e r o f l a g e l l a t e  p o p u la tio n s  was l im i te d  due to  low c o n c e n tra t io n s  (<40 
p re d a to rs  p e r  cham ber o r  < 1 0  c e l l s  ml- *) d u rin g  A p r il  chamber 
e x p e rim e n ts■
Anomalous w ea th e r c o n d it io n s  o c c u rr in g  m id - in c u b a tio n , from A p r il  
18-20 , in tro d u c e d  a d d i t io n a l  v a r i a b i l i t y  in to  an  a lre a d y  v a r ia b le  and 
complex tim e s c a le  ( t i d a l ,  d i e l ,  and d a i ly ) ;  t h i s  a f f e c te d  nanop lank ton  
dynam ics. The norm al warming tre n d  o f  s p r in g  was in te r r u p te d  by a 
snow storm . The s e v e re  d e c re a se  i n  te m p e ra tu re s  and s a l i n i t i e s  ( F ig .  14) 
appeared  to  d e c re a se  a c t i v i t y  and abundances o f  p h y to p lan k to n  and l i m i t  
grow th o f b a c t e r i a l  p o p u la t io n s .  However, a s  i n  p re v io u s  ex p e rim en ts , 
HNANO w ere bo th  e u ry h a l in e  and e u ry th e rm ic . The HNANO grew a t  r e l a t i v e l y  
h ig h  r a t e s  w h ile  m a in ta in in g  r e l a t i v e l y  h ig h  c o n c e n tra t io n s  th ro u g h o u t 
th e  A p r i l  p e r io d .
P re d a to r -P re y  I n te r a c t io n s
E nv ironm enta l m o n ito rin g  o f HNANO in  th e  sh a llo w  e s tu a r in e  t i d a l  
system  on a  w eekly b a s is  d id  n o t r e v e a l  any s e a s o n a l c y c le s  in  
h e t e r o f l a g e l l a t e s  o r  b a c t e r i a  c o n c e n tra t io n s  (C h ap te r 2 ) .  S in u so id a l o r  
lagged  o s c i l l a t o r y  p re y -p re d a to r  c y c le s  were n o t  observed  d u rin g  th e  
f i n e r  tim e s c a le  sam pling  ( t i d a l -  2  hou r i n t e r v a l s  and w eekly -  d a i ly
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I n t e r v a l s ) .  T id a l c y c le  sam pling  a l s o  re v e a le d  th a t  th e  b a c te r ia  
f lu c tu a te d  in d e p e n d e n tly  o f h e t e r o f l a g e l l a t e  abundances a t  a l l  s t a t i o n s .  
D uring a  t i d a l  c y c le ,  peaks i n  h e t e r o f l a g e l l a t e  d e n s i t i e s  co rresponded  
m ost c lo s e ly  to  fo rm a tio n  o f  low w a te r  t i d a l  p o o ls  r a th e r  th a n  to  peak 
c o n c e n tra t io n s  o f  b a c t e r i a ;  h e t e r o f l a g e l l a t e  c o n c e n tr a t io n s  d ecreased  
q u ic k ly  w ith  f lo o d in g  t i d e s .  D a ily  f lu c tu a t io n s  o f nanop lank ton  
p o p u la tio n s  d em o n stra te  th a t  b a c t e r i a  and h e t e r o f l a g e l l a t e  d e n s i t i e s  v a ry  
in d e p e n d e n tly  o f  each  o th e r  o v er a  7 to  10 day p e r io d . However b a c te r ia  
responded  to  v a ry in g  n u t r i e n t  and te m p era tu re  c o n d it io n s  w ere observed  on 
a  tim e  s c a le  o f  d a y s . The d e c re a se ,  observed  i n  autum n, o f 
h e te ro tro p h ic  b a c t e r i a  component and in c re a s e  i n  c y a n o b a c te r ia ,  
co rresponded  to  an  in c re a s e  in  th e  l e v e l  o f  n i t r o g e n .  These c o n d itio n s  
a r e  s im i la r  to  th o s e  a s s o c ia te d  w ith  th e  c y a n o b a c te r ia  bloom fo rm atio n  
observed  by P a e r l  (1982 , 1983, 1984) i n  v a r io u s  N.C. e s t u a r i e s .  Ambient 
b a c t e r i a l  abundances in c re a s e d  d u rin g  b o th  autumn and s p r in g  experim en ts  
when te m p e ra tu re s  in c re a s e d  above 15 °C . H e te r o f l a g e l l a te  peaks o f 
g r e a te r  th a n  2 .0  x 10^ c e l l s  ml- * w ere s h o r t - l i v e d  (2  to  4 h r )  and w h ile  
b a c t e r ia  c o n c e n tra t io n s  rem ain e le v a te d  a f t e r  24 h o u rs .
The p lo t s  o f  h e t e r o f l a g e l l a t e  (p r e d a to r )  and b a c t e r i a  (p rey ) 
d e n s i t i e s  from  in  s i t u  d i f f u s io n  cham bers re v e a le d  ra p id  h e t e r o f l a g e l l a t e  
grow th p o t e n t i a l  and an e v e n tu a l g ra z in g  im pact on b a c t e r i a .  Rapid 
developm ent o f a  h e t e r o f l a g e l l a t e  assem blage composed o f  l a r g e r  form s 
d u rin g  o r  fo llo w in g  c y a n o b a c te r ia  bloom in d ic a te d  th e  g r e a t  p o te n t i a l  f o r  
ra p id  g row th , d e c l in e ,  and re c o v e ry  on a tim e s c a le  o f 1 to  2 d ay s . The 
ra p id  in c re a s e  and d e c l in e  in  th e  a c h lo r o t ic  cryptom onad o r /" p o in te d  
body" d e n s i t i e s  a l s o  was ty p i c a l  o f t h i s  ephem eral s p e c ie s .  The
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p re d a to r -p re y  c y c le s  observed  In  autumn and s p r in g  d i f f u s io n  cham bers 
(F ig s .  7 -9 ) in d ic a te  t h a t  HNANO g e n e ra l ly  in c re a s e  w ith in  24 hou rs  o r  
even c o n c u rre n tly  w ith  th e  in c re a s e  in  b a c t e r i a  d e n s i t i e s .  The grow th 
re sp o n se  i s  f a s t e r  and th e  c y c le s  d i f f e r e n t  than  th e  p re d ic te d  m odels of 
a  5 to  10 day (2  o f f s e t  peaks -  s in u s o id a l )  c y c le  d e s c r ib e d  by s e v e ra l  
in v e s t ig a to r s  (Pomeroy 1978, F enchel 1982d, Laake e t  a l .  1983, W right and 
C o ffin  1984, Anderson and F enchel 1985, D avis e t  a l .  1985) o r  th e  3 to  6  
day c y c le  f o r  nanop lank ton  assem blages grow ing on decom posing S p a r t in a  in  
la b o ra to ry  ex p erim en ts  (N ew ell e t .  1983). The p re d a to r -p re y  c y c le  o f 
c y a n o b a c te r ia l  bloom and ra p id  h e t e r o f l a g e l l a t e  g row th , observed  in  
November cham bers, d em o n stra ted  a n  o p p o r tu n is t ic  re sp o n se  by 
h e t e r o f l a g e l l a t e s  to  optimum p rey  on th e  tim e s c a le  o f  < 2  days under 
r e l a t i v e l y  s ta b le  c o n d i t io n s .
A p r il  b a c t e r i a l  a ssem b lag es , in  c o n t r a s t  to  th o se  o f  f a l l ,  w ere 
dom inated by th e  h e te ro tro p h ic  com ponents w hich a r e  more ty p ic a l  o f th e  
s e a so n a l m arsh assem b lag e . The in t e r v a l s  o f  h e t e r o f l a g e l l a t e  grow th and 
peak  d e n s i t i e s  were s u s ta in e d  f o r  a  lo n g e r  p e rio d  th a n  in  autumn 
cham bers. The A p r il  chamber d a ta  su p p o rts  p rev io u s  s e a s o n a l d a ta  
(C h ap te r 3 ) in d ic a te d  th a t  h e t e r o f l a g e l l a t e s  grow in  re sp o n se  to  o r may 
be coup led  to  b a c t e r i a l  grow th r a t e s  r a th e r  than  r e l a t i v e  o r  a b s o lu te  
b a c t e r i a l  abundance. B a c te r ia l  and h e t e r o f l a g e l l a t e  grow th occu rred  
c o n c u rre n t ly  and c o n c e n tra t io n s  w ere , as  i n  s e a so n a l ex p erim en ts  
(C h ap te r 3 ) ,  p o s i t i v e ly  c o r r e la te d  a t  th e  p o in t  o f 50Z grow th (S h e r r  e t  
a l .  1983) o r  midway a lo n g  th e  grow th  c u rv e . At a  c e r t a i n  p o in t  d u rin g  
th e  in c u b a tio n  b a c t e r i a  grow th was no lo n g e r  m easu rab le  due 'to  g ra z in g  
by in c re a s e d  numbers o f  h e t e r o f l a g e l l a t e s .  However s im u la tan eo u s
177
b a c t e r ia  grow th In  co rre sp o n d in g  b a c t e r i a l  c o n t ro l  ( 1 . 0  pm) chambers 
In d ic a te d  th a t  a c t iv e ly  grow ing p o p u la tio n s  co u ld  s u s ta in  r e l a t i v e l y  
h ig h  d e n s i t i e s  o f  HNANO. C oupling o f  b a c t e r i a  and HNANO grow th r a t e s  
may acco u n t f o r  m ain tenance  o f  h ig h  HNANO abundances in  th e  0 .2 0  pm 
cham bers d u rin g  p e r io d s  o f  r e l a t i v e l y  low b a c t e r i a  abundances.
The d e c re a se  in  b a c t e r i a  d e n s i t i e s  in  0 .2 0  pm cham bers in d ic a te d  
th a t  g ra z in g  im pact o c c u rre d  o n ly  when h e t e r o f l a g e l l a t e s  In c re a se d  
s i g n i f i c a n t l y  above maximum am bient c o n c e n tr a t io n s .  However, when 
g ra z in g  Im pact was e v id e n t ,  b a c t e r i a  d e n s i t i e s  d id  n o t c ra sh  o r  d e c re a se  
by an o rd e r  o f  m agnitude a s  p re d ic te d  by F e n c h e l 's  (1982d) m odels . 
D ecrease  o f  h e t e r o f l a g e l l a t e s  in  0 .2 0  pm cham bers may be due in  p a r t  to  
a u to in h ib i t io n ,  i . e . ,  when d e n s i t i e s  exceed c a r ry in g  c a p a c i ty  o f 
e n c lo se d  sy stem . H e te r o f l a g e l l a te  p o p u la tio n s  i n  1 .0  pm cham bers 
co n tin u ed  to  in c re a s e  a f t e r  p o p u la tio n s  in  0 . 2 0  pm cham bers d e c l in e d ,  
even  when b a c t e r i a  d e n s i t i e s  were l e s s  by com parison . C o n d itio n s  in  1 . 0  
p i  cham bers and b a c t e r i a l  assem blages and a c t i v i t y  w ere more 
r e p r e s e n ta t iv e  o f  am bient due to  g r e a t e r  exchange r a t e s  ty p i c a l  o f  1 . 0  
pm cham bers. S im ila r  to  b a c t e r i a ,  h e t e r o f l a g e l l a t e  p o p u la tio n s  d e c lin e d  
s lo w ly , r e tu rn in g  to  am bient o r s t i l l  e le v a te d  l e v e l s  w h ile  b a c t e r ia  
d e n s i t i e s  in c re a s e d .  B a c te r ia  d e n s i t i e s  q u ic k ly  reco v e red  w ith in  24 
hours to  am bient le v e l s  a f t e r  g ra z in g  Im pact even  w h ile  h e t e r o f l a g e l l a t e  
d e n s i t i e s  rem ain  above am b ien t. In  some cham bers b a c te r ia  d ec reased  
w ith o u t c o n c u rre n t in c re a s e  o f h e t e r o f l a g e l l a t e s ,  b u t In s te a d  r e f le c te d  
th e  am bien t p a t t e r n .  B a c te r ia l  d e n s i t i e s  i n  cham bers, th e n , a s  i n  th e  
en v iro n m en t, f r e q u e n t ly  f lu c tu a te d  In d ep en d e n tly  o f h e t e r o f l a g e l l a t e  
abundances.
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Grazing
Several factors may contribute to variation In grazing rates of 
marsh-mudflat heteroflagellates Including environmental conditions, 
abundance, size and species diversity of available prey and predator 
species-specific grazing rates. Grazing, similar to growth rates, during 
both autumn and spring transition periods could be divided into two 
ranges of rates characteristic of seasonal in Bitu chamber activity. The 
lower range of grazing rates (35 -70  bacteria h“*) was observed most 
frequently during the first growth period of 13 -  19 April 1983. The 
higher range (75-120 bacteria h-*) however, corresponded to specific 
heteroflagellate Bpecies assemblages or typeB of bacteria observed in 
individual chambers, rather than periods of increased growth. Comparison 
of heteroflagellate growth and ingestion rates in each chamber during 
both autumn and spring transitional periods indicated that clearance 
rates of chamber heteroflagellates assemblages varied independently of 
their respective growth rate or maximum growth periods (p> 0 .0 5 ) .  Low 
grazing rates may typify the unstable tidal environment where feeding is 
less efficient; high rates may indicate the potential response in 
specialized environment, e.g., presence of cyanobacteria aggregates, or 
8pecie8-specific clearance rates. Large aggregates comprised of 
cyanobacteria and heteroflagellates are conducive to more efficient 
feeding in terms of spatial scales in which HNANO operate.
H e te r o f l a g e l l a te  c le a ra n c e  and in g e s t io n  r a t e s  v a r ie d  g r e a t ly  among 
cham bers i n  each  experim ent even  when chamber b a c t e r i a  abundance and 
grow th p a t te r n s  rem ained v i r t u a l l y  i d e n t i c a l .  F enchel (1 9 8 2 a ), th rough  
an  a n a ly s i s  o f  th e  two fe e d in g  s t r a t e g i e s  o f h e t e r o f l a g e l l a t e s ,  f i l t e r i n g
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and c o n ta c t ,  was a b le  to  r e l a t e  c le a ra n c e  r a t e s  to  s iz e  and abundance o f  
b a c t e r i a l  p re y . C learan ce  r a t e s  o f  f i l t e r  f e e d e r s ,  such  as  o f 
c h o a n o f la g e l la te s  c h a r a c t e r i s t i c  o f  th e  m arsh -m u d fla t system  d u rin g  
sp r in g  nanop lank ton  blooms (C h ap te r 5 ) ,  were a f f e c te d  more by s iz e  o f  
p rey  th a n  by num bers. S m alle r p rey  r e s u l t e d  i n  low er c le a ra n c e  r a t e s .  
C ontact f e e d e r s ,  such  as  a c t iv e ly  swimming bodonlds and p o in te d  b o d ie s  
c h a r a c t e r i s t i c  o f  autumn n an o p lan k to n , were a f f e c te d  more by b a c t e r i a l  
d e n s i t i e s ,  a l th o u g h  l a r g e r  s i z e s  o f  b a c t e r i a  r e s u l te d  i n  h ig h e r  c le a ra n c e  
r a t e s  and more e f f i c i e n t  feed ingC F enchel 1982a). C learance r a t e s  f o r  
n a t u r a l  mixed HNANO assem b lag es , b e s id e s  v a ry in g  w ith  th e  dom inant 
fe e d in g  ty p e , w i l l  be  In f lu e n c e d  by a  s u i t e  o f  en v iro n m en ta l f a c t o r s .
The p re s e n t s tu d y  showed no c o n s i s te n t  c o r r e l a t i o n  o f  in c re a se d  
g ra z in g  r a te s  w ith  in c re a s e d  number o f  p re y . However, h e t e r o f l a g e l l a t e  
in g e s t io n  o f  c y a n o b a c te r ia  d u rin g  autumn and f l a g e l l a t e d  b iv a lv e  gam etes 
d u rin g  s p r in g  in  am bien t sam ples and g ra z in g  o f th e  l a r g e r  s iz e d  b a c te r ia  
i n  cham bers in d i c a te s  s e l e c t i v e  o r  p r e f e r e n t i a l  g ra z in g  o f  l a r g e r  p rey . 
H igher in g e s t io n  r a t e s  o c c u rre d  m ost f r e q u e n t ly  d u rin g  blooms o f 
c y a n o b a c te r ia  o r  l a r g e  ro d -sh ap ed  b a c t e r i a  w hich was p a r t i c u l a r l y  e v id e n t 
i n  autumn cham bers. T his a g re e s  w ith  th e  su g g e s tio n  th a t  type  and s iz e  o f  
b a c t e r i a  may d i r e c t l y  in f lu e n c e  g ra z in g  r a t e s .
V a r ia t io n  in  in d iv id u a l  chamber g ra z in g  r a t e s  a ls o  may be e x p la in e d  
in  p a r t  by d i f f e r e n c e s  s p e c i f i c  to  each  chamber HNANO specieB  
assem b lag e . Fenchel (1982c) m easured c le a ra n c e  r a t e s  o f  d i f f e r e n t  
h e t e r o f l a g e l l a t e s  u s in g  a  r e l a t i v e l y  u n ifo rm ly  s iz e d  b a c te r ia  
(Pseudomonad) c u l tu r e  and was a b le  to  e s t a b l i s h  c h a r a c t e r i s t i c  r a t e s  f o r  
v a r io u s  h e t e r o f l a g e l l a t e  fo rm s . In  t h i s  s tu d y , h ig h e r  r a t e s  u s u a lly
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corresponded  to  a  dom inant ty p e  o r s iz e  o f  f l a g e l l a t e ;  cham bers In  
autumn p e rio d  c o n ta in in g  l a r g e r  fo rm s, e . g . ,  la rg e  bodonid  and la rg e  
Paraphysom onas-ty p e  cap ab le  o f  in g e s t in g  s e v e ra l  c y a n o b a c te r ia  a t  a 
tim e , w ere c h a ra c te r iz e d  by h ig h e r  r a t e s  w hereas in  A p r i l  1983, chambers
c y a n o b a c te r io v o re s  (C h re tie n n o t,  1974) y ie ld e d  in c re a s e d  r a t e s .
D if fu s io n  chamber r e s u l t s  f o r  b o th  t r a n s i t i o n  p e r io d s  in d i c a te  th a t  
h e t e r o f l a g e l l a t e s  a re  c a p a b le  o f consuming a p p ro x im a te ly  up to  te n  to  
se v e n te e n  tim es t h e i r  volume in  24 h o u rs . However, n e i th e r  d i f f u s io n  
chamber n o r e n v iro n m en ta l m o n ito rin g  d a ta  showed ev id en ce  o f  
h e t e r o f l a g e l l a t e  p o p u la tio n s  c o n t r o l l in g  b a c t e r i a  f l u c t u a t i o n s .  
E s tim a tio n s  o f  d a i ly  b a c t e r i a  consum ption by en v iro n m en ta l 
h e t e r o f l a g e l l a t e s  sh o u ld  ta k e  in to  acco u n t low er av erag e  c o n c e n tra t io n s  
and se m i-s ta rv e d  c o n d it io n s  due to  en v iro n m en ta l i n s t a b i l i t y  in  
com parison to  chamber p o p u la t io n s .  A cco rd in g ly , c a lc u la t io n s  shou ld  be 
based  on th e  lo w er ran g e  o f in g e s t io n  r a t e s  d e term ined  i n  chamber 
ex p e rim e n ts . C a lc u la t io n s  o r  e x t r a p o la t io n s  to  acco u n t f o r  p e rc e n ta g e  o f 
b a c t e r i a l  carbon  o r  d a i ly  b a c t e r i a l  p r o d u c t iv i ty  in g e s te d  by 
h e t e r o f l a g e l l a t e s  may u se  av erag e  volumes o f en v iro n m en ta l 
h e t e r o f l a g e l l a t e  and b a c t e r ia  p o p u la tio n s ,  and an assumed carbon  c o n te n t 
( i . e . ,  10“ ^igC  |im^- Landry e t  a l .  1984). V alues o f carbon  p e r  volume o f 
m icrobe found in  th e  l i t e r a t u r e  and used  to  c a l c u la te  biom ass v ary  
c o n s id e ra b ly  and may n o t r e f l e c t  s p e c i f i c  en v iro n m en ta l c o n d i t io n s  o r 
p h y sio lo g y  o f th e  h e t e r o f l a g e l l a t e  s p e c ie s  (N ew ell and C h r is t ia n  1981, 
Fenchel 1 9 8 2 c). ,
I n d i r e c t  c a l c u la t io n s  to  acco u n t f o r  b a c t e r i a l  p r o d u c t iv i ty  consumed
w ith  m edium -sized which a re  v o ra c io u s
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by HNANO a re  based  on r a t e s  o f HNANO grow th , a  co n v e rs io n  o f  in c re a s e  in  
HNANO c o n c e n tra t io n s  o r  volume to  b iom ass, and th e  u se  o f  an  a d d i t io n a l  
f a c t o r ,  th e  assumed grow th  e f f ic ie n c y ,  u s u a l ly  o f  30% o r  33% (Pomeroy 
1979, Fenchel 1982b, S h e rr  and S h e rr  1983), to  c o n v e rt th e  HNANO biom ass 
in c re a s e  to  mg b a c te r ia  C nT^h” * o r  ug b a c t e r i a  C l ^ h - * . These 
c a lc u la t io n s  th e n  in tro d u c e  two p o te n t i a l ly  in a c c u ra te  f a c to r s *  In  
a d d i t io n ,  HNANO grow th r a t e s  re p o r te d  in  th e  l i t e r a t u r e ,  f r e q u e n t ly  w ere 
d e term ined  in  v i t r o  o r  u s in g  te c h n iq u e s  in v o lv in g  d is tu rb a n c e  o f th e  
n a tu r a l  community (F en ch e l 1982d, S h err e t  a l .  1984, W right and C o ff in  
1984a,b) w hich g e n e ra l ly  c o n t r ib u te  to  h ig h e r  r a t e s  th a n  o ccu r in  th e  
o r ig i n a l  env ironm en t. The p e rc e n ta g e  o f  b a c t e r i a l  p r o d u c t iv i ty  accoun ted  
f o r  by h e t e r o f l a g e l l a t e  g ra z in g  can  be c a lc u la te d  more d i r e c t l y  by u s in g  
e x p e r im e n ta lly  de te rm in ed  grow th r a te s  to  e s t im a te  b a c t e r i a l  p ro d u c tio n , 
and c le a ra n c e  and in g e s t io n  r a t e s  to  e s tim a te  b a c t e r i a  consumed p e r  h o u r. 
These c a lc u la t io n s  a ls o  in v o lv e  a  co n v ers io n  to  accoun t f o r  b a c t e r i a l  
carbon  u s in g  an  assumed o r  e s tim a te d  volume o f  b a c t e r i a  and carbon 
c o n te n t p e r  volum e. These assum ptions may r e s u l t  in  an  e s t im a te  w hich i s  
n o t s p e c i f i c  to  th e  ty p e  o r  n u t r i t i o n a l  s t a t e  o f  th e  h e t e r o f l a g e l l a t e  
assem blage and th u s  no lo n g e r  acco u n t f o r  th e  in h e re n t  v a r i a b i l i t y  
p o s s ib le  i n  e s tu a r in e  p o p u la t io n s .
ValueB f o r  in g e s t io n  r a t e s  b a c t e r i a l  consum ption and co rre sp o n d in g  
p e rc e n ta g e s  o f  b a c t e r i a l  carbon  p ro d u c tio n  consumed by h e t e r o f l a g e l l a t e s  
d u rin g  autumn and s p r in g ,  w ere c a lc u la te d  u s in g  th e  d i r e c t  methods as  
d e s c r ib e d  ab o v e . The volumes e s tim a te d  f o r  h e t e r o f l a g e l l a t e s  ranged from 
0 .27  to  100 pm^ and f o r  b a c t e r i a  ranged  from 0 .1 4  to  0 .5  jim ^/and w ere 
c o n v e rte d  to  ugC u s in g  a  co n v e rs io n  o f 1 0 "^ pgC jira^. The r e s u l t s  o f  th e
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c a rb o n  f lu x  c a lc u la t io n s  f o r  h e t e r o f l a g e l l a t e - b a c t e r i a  trophodynam ics 
p re s e n te d  in  Table 3 in d i c a te  th a t  h e t e r o f l a g e l l a t e s  p o te n t i a l l y  consume 
50 to  100% o f b a c t e r i a l  s ta n d in g  c ro p  o r  1 .5  to  6 .0  x 10® b a c t e r i a  c e l l s  
p e r  day . The e x p e r im e n ta lly  de term ined  g ra z in g  c a p a c ity  o f  e s tu a r in e  
HNANO d u rin g  f a l l  and s p r in g  acc o u n ts  f o r  a  la rg e  p e rc e n ta g e  o f  b a c t e r i a l  
tu rn o v e r  in  th e  m arsh -m udfla t system . In  tu r n ,  th e  am bient b a c t e r i a l  
p ro d u c tio n  (85 -  317 jigC I ” * d” 1) w i l l  su p p o rt s e v e r a l  d o u b lin g s  o r  th e  
e s tim a te d  range  o f  h e t e r o f l a g e l l a t e  p ro d u c tio n  (22 -  98 jigC 1”  ^ d- *) 
based  on grow th and th e  e x p e r im e n ta lly  determ ined  h e t e r o f l a g e l l a t e  
a s s im i la t io n  e f f ic ie n c y  o f 32%. The h e t e r o f l a g e l l a t e  in g e s t io n  r a t e s ,  
u s in g  b a c t e r i a l  grow th r a t e s  and av e rag e  volumes to  e s t im a te  p ro d u c tio n  
o f autumn and s p r in g  p o p u la tio n s ,  accoun t f o r  50 to  80% o f d a i ly  
b a c t e r i a l  carbon  p ro d u c tio n  (T ab le  3 ) ,  o r  u s in g  th e  range o f  v a lu e s  o f 
b a c t e r i a l  s p e c i f i c  a c t i v i t y  re p o r te d  f o r  e s tu a r in e  env ironm ents ( 1 0 0  to  
400 p g C /l /d  -  Newell and C h r is t ia n  1981, Ducklow 1983, W right and C o ff in  
1984b, K ato r e t  a l .  u n p u b l. m a n .) , acco u n t f o r  30 to  100% o f e s tim a te d  
b a c t e r i a l  p ro d u c t iv i ty .
C a lc u la t io n s  o f  carbon  f lu x  from b a c te r ia  to  h e t e r o f l a g e l l a t e s  based  
on ca rbon  u p tak e  d e te rm in a tio n s  o f b a c t e r i a l  p r o d u c t iv i ty  may le a d  to  
in a c c u ra te  e s t im a te s  due to  th e  la r g e  v a r ia t io n  o f  b a c t e r i a l  p r o d u c t iv i ty  
In  a  t i d a l  sy stem . For exam ple, N ew ell and C h r is t ia n  (1981) found an 
o rd e r  o f m agnitude d i f f e r e n c e  in  r a t e s  i n  a t i d a l  m arsh system  on h igh  
and low t i d e s .  V alues r e p o r te d  i n  th e  l i t e r a t u r e  f o r  c y c lin g  o f  
b a c t e r i a l  p ro d u c t iv i ty  by h e t e r o f l a g e l l a t e s ,  th e n , may v a ry  trem endously  
depending  on s e v e ra l  e x t r a p o la t io n s  and assum ptions n e c e ssa ry  f o r  
c a lc u la t io n s  in v o lv in g  s ta n d a rd  (assum ed) v a lu e s  f o r  b a c t e r i a l  volum es,
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T ab le  3 . B a c te r ia  and h e t e r o f l a g e l l a t e  trophodynam ics (g ro w th ,
p ro d u c tio n  and g ra z in g  p a ra m e te rs )  and c a l c u la t io n s  f o r  
carbon  f lu x  In  h e t e r o f l a g e l l a t e - b a c t e r i a  food web.
(*  -  c y a n o b a c te r ia ;  ** -  h e t e r o f l a g e l l a t e  a s s im i la t io n  
e f f ic ie n c y  -  32%)
Date
28
I .  B a c te r ia
Oct 82 3 Nov 82 16 Apr 83 22 Apr 8 :
P o p u la tio n  
x 1 0 ® c e l l s  ml""*
3 .8 7 5 .3 3
(0 .5 * )
4 .5 3 4 .19
Growth: uh” *
Dt (h )
0 .027
2 5 .7
0.095
7 .3
0 .035
19 .8
0 .055
1 2 . 6
p ro d u c tio n  
ug C l " 1  d- 1
85 317 116 136
I I .  H e te r o f la g e l la te s
P o p u la t io n  
x 1 0 ^ c e l l s  ml""*
1 . 2 0 4 .1 6 2 .2 3 2 . 1 2
Growth: uh“ *
Dt (h )
0 .040
14.1
0 .063
10.7
0 .032
21 .7
0 .063
1 1 . 0
P ro d u c tio n  
ug C 1” * d“ *
1 2 31 7 .5 7 .1
In g e s t io n  R ate 
b a c t e r ia  d“ * f l a g e l l a t e ” *
1776 1680 1344 2280
P o p u la tio n  G razing  Rate 
x 1 0 ® b a c t e r i a  ml- * d
2 .13 5 .31
( 1 . 0 *)
3 .0 0 4 .83
I I I .  Carbon F lux
% B a c te r ia  S tan d in g  
Crop Consumed
55 99 57 > 1 0 0
B a c te r ia l  Carbon Con­
sumed: ug C 1” * d“ *
47 166 6 6 106
B a c te r ia l  P ro d u c t iv i ty  
Needed to  Support H etero ­
f l a g e l l a t e  P ro d u c tio n  
ug C 1“ * d“ * **
37 .5 97 .5 23 .3 2 2 . 2
% B a c te r ia l  P ro d u c t iv i ty  
A ccounted v i a  G raz ing  by
H p te r o f la e e l la te a
53 .3 52 .4 5 6 .9  ' 7 7 .9
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carbon  c o n te n t ,  and r a t e s  o f grow th o r  p r o d u c t iv i ty .  N e v e r th e le s s , 
r e s e a r c h e r s  u s in g  b o th  i n d i r e c t  and d i r e c t  m ethods to  e s t im a te  g ra z in g  
and p ro d u c tio n  and carbon  f lu x  (F en ch e l 1985, H einbokel 1985, Landry e t  
a l .1 9 8 4 ,  S h e rr  and S h e rr  1985, W right and C o ffin  1984) a g re e  th a t  
h e te r o t r o p h ic  nanop lank ton  g ra z in g  a c t i v i t y  ap p ro x im a te ly  acc o u n ts  f o r  
th e  d a i ly  b a c t e r i a l  tu rn o v e r  o r  a t l e a s t  25 to  75% o f th e  b a c t e r i a l  
p r o d u c t iv i ty  i n  a v a r i e ty  o f env ironm ents in c lu d in g  o c e a n ic , c o a s ta l ,  
e s tu a r in e  ( s a l t  m a rsh ), and f j o r d .
R e s u lts  of d i f f u s io n  chamber ex p erim en ts  to g e th e r  w ith  d a i ly  
e n v iro n m en ta l m o n ito rin g  d em onstra ted  th a t  h e t e r o f l a g e l l a t e  g r a z e r s ,  
when f lu c tu a t in g  w ith in  en v iro n m en ta l d e n s i t i e s ,  d id  n o t  reduce  b a c t e r i a  
abundances. However b a c t e r i a  grow th  in  cham bers, w ith o u t 
h e t e r o f l a g e l l a t e  g ra z in g  p r e s s u re ,  In d ic a te d  th a t  en v iro n m en ta l 
c o n d i t io n s  su p p o rted  o n ly  one o r  two d o u b lin g s  b e fo re  b a c t e r i a  e n te r  
s t a t io n a r y  p h ase . G razer c o n t ro l  o f  b a c t e r i a l  p o p u la tio n s  by 
h e t e r o f l a g e l l a t e s  may p re v e n t s u b s t r a te  l i m i t a t i o n  w hich o ccu rs  w ith  
u n r e s t r i c t e d  g row th . R ecent s tu d ie s  have a l s o  d em o n stra ted  b o th  t i g h t  
c o u p lin g  o f  b a c t e r i a l  and h e t e r o f l a g e l l a t e  grow th ra te B  and 
h e t e r o f l a g e l l a t e  n u t r i e n t  r e g e n e ra tio n  and b a c t e r i a l  u p ta k e  (T a y lo r  e t  
a l .  1985, Van Wambeke and B ianch i 1986). N u tr ie n t  r e g e n e ra t io n  by 
h e t e r o f l a g e l l a t e s ,  d u rin g  g ra z in g  and a c t iv e  g row th , may a ls o  se rv e  to  
s t im u la te  b a c te r ia  g row th . A c t iv i ty  o r  p re se n c e  o f  h e t e r o f l a g e l l a t e s  
a p p a re n tly  m a in ta in s  b a c te r ia  i n  y o u th fu l s ta g e  o f  grow th  a s  su g g es ted  
by r e s u l t s  o f re c e n t m ic ro -zo o p lan k to n  g ra z e r  s tu d ie s  ( C h r is t i a n  e t  a l .  
1982, S to e c k e r e t  a l .  1983, W right and C o ffin  1984, T u rley  and L ochte 
1985, T ay lo r e t  a l .  1985). S h o rt- te rm  sam pling  i s  n e c e ss a ry  i n  o rd e r  to
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e lu c id a te  th e  r o le  o f  HNANO In  th e  dynamic e s tu a r in e  Bystem p a r t i c u l a r l y  
to  f u r th e r  document c o u p lin g  o f  HNANO and b a c t e r i a  grow th r a t e s .
D uring b o th  t r a n s i t i o n  p e r io d s ,  p u ls e s  o f  grow th o c c u rre d  m ost 
f r e q u e n t ly  d u rin g  grow th  o f  l a r g e r  form s o f  b a c t e r i a  o r p re se n c e  o f 
c y a n o b a c te r ia ,  p a r t i c u l a r l y  as  a g g re g a te s .  R ecent in v e s t ig a t io n s  o f 
nanop lank ton  dynamics have in v o lv ed  d is c u s s io n s  o r  s p e c u la tio n s  on th e  
im portance  o f m ic ro ag g reg a te s  o r  b a c te r ia -p ro to z o a n  a s s o c ia t io n s  f o r  
ra p id  c y c l in g  and enhanced p ro d u c tio n  o f  b a c t e r i a  and g ra z in g  
nanop lank ton  (Azam e t  a l .  1983, Ammerman e t  a l .  1984, S h e rr  and S h e r r ,  
1985). E p if lu o re sc e n c e  a n a ly s is  o f  th e  autumn d i f f u s io n  cham bers 
re v e a le d  th e  developm ent o f  H N A N O -protozoan-cyanobacteria a g g re g a te s  and 
dem o n stra ted  th a t  g row th , g ra z in g , and d iv e r s i t y  o f th e  HNANO assem blage 
was s t im u la te d  d u rin g  t h e i r  p re se n c e . The autumn experim en ts  su g g e s t 
t h a t  m ic ro ag g reg a te s  p la y  an im p o rta n t r o le  i n  s t im u la t in g  grow th and 
g ra z in g  a c t i v i t y  i n  nan o p lan k to n  trophodynam ics. In  s i t u  d i f f u s io n  
chamber in c u b a tio n s  u s in g  s h o r te r  sam pling in t e r v a l s  sh o u ld  be an  id e a l  
m ethodology f o r  o b se rv in g  th e  fo rm a tio n  o f  m ic ro ag g reg a te s  and r e s o lv in g  
t h e i r  im portance in  n an o p lan k to n  trophodynam ics.
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CHAPTER V
CHARACTERIZATION OF SPRING NANOPLANKTON ASSEMBLAGES 
USING ELECTRON AND EPIFLUORESCENCE MICROSCOPY
INTRODUCTION
H e te ro tro p h ic  n a n o f la g e l la te s  (HNANO) a re  a  dom inant component o f 
e s tu a r in e  m icro zo o p lan k to n  (Pomeroy and Johannes 1968; S ie b u r th  e t  a l .  
1978; Sorok in  1979; B eers e t  a l*  1980, 1982; DaviB and S ie b u r th  1982) 
and a re  v o ra c io u s  g ra z e rs  o f  b a c t e r i a  (Haas and Webb 1979; King e t  a l .  
1980; Burney e t  a l .  1981, 1982; F enchel 1982 a , b , c , d ;  S herr e t  a l .  1982, 
19 8 3 ). The h y p o th e s is  advanced by Pomeroy (1974) th a t  th e  m ajor pathway 
o f d is s o lv e d  o rg a n ic  m a tte r  (DOM) th rough  th e  a q u a t ic  food web i s  v ia
DOM > b a c t e r i a  -----> p h ag o tro p h ic  p ro tozoans (HNANO) > c i l i a t e s  o r
h ig h e r  t ro p h ic  le v e ls  i s  w e l l  a c c e p te d  in  su b seq u en t l i t e r a t u r e  (S o rok in  
1978, 1981; Haas and Webb 1979; King e t  a l .  1980; Fenchel 1982d; S h err 
e t  a l .  1982). However, th e r e  a re  few  in  s i t u  s tu d ie s  c h a ra c te r iz in g  
s e a so n a l assem blages o f HNANO (Lackey and Lackey 1963; B eers e t  a l .  
1980; D avis 1982; Fenchel 1982 a ,d )  o r  t h e i r  p h ag o tro p h ic  a c t i v i t y  on 
a c t iv e ly  grow ing b a c t e r i a l . p o p u la tio n s  i n  c o a s ta l  and e s tu a r in e  
ecosystem s.
The i d e n t i f i c a t i o n  and q u a n t i ta t iv e  a n a ly s i s  o f  th e  HNANO component 
o f th e  t o t a l  nanop lank ton  have been  made more f e a s ib l e  r e c e n t ly  by th e  
developm ent o f e le c t r o n  photom icroscopy and e p if lu o re s c e n c e  ' d i r e c t  
coun t m icroscopy  te c h n iq u e s  (L ead b ea te r 1 9 7 2 a ,b ,c , 1974, 1975, 1981;
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Thomsen 1973, 1979; S ie b u r th  1979; Davis 1982; F enchel 1982a; Haas 
1982). Most o f  th e  nan o p lan k to n  su rveys fo c u s  on d e s c r ip t io n  and 
i d e n t i f i c a t i o n  o f s c a le -b e a r in g  f l a g e l l a t e s  ( u s u a l ly  a u to tro p h ic  
n an o p lan k to n , PNANO) and h e te ro tro p h ic  l o r i c a t e  c h o a n o f la g e l la te s ,  th e  
l a t t e r  w hich can  be d iag n o sed  f o r  th e  m ost p a r t  by s i l i c e o u s  s u r fa c e  
s t r u c tu r e s  e a s i l y  observed  under TEM, o r  SEM. There a r e  how ever, l i t t l e  
abundance and d i s t r i b u t i o n  d a ta  a v a i la b le  f o r  th e  a r e a s  m ost commonly 
su rv ey ed , i . e .  c o a s ta l  w a te rs  o f  n o r th e rn  E urope, th e  M e d ite rra n e a n , and 
b o re a l a r e a s ,  b ecause  EM s tu d ie s  a re  u n l ik e ly  to  d i r e c t l y  p roduce th e se  
k in d s  o f  d a ta  (L e a d b e a te r  and Manton 1976, 1981; Thomsen 1973, 1979, 
1982; H a lle g ra e f f  1983) and EM taxonom ic s tu d ie s  have n o t g e n e ra l ly  been 
combined w ith  o th e r  m ethods to  produce n u m erica l and d i s t r i b u t i o n a l  
d a ta .
R ecent r e s e a rc h  Im plem enting e p if lu o re s c e n c e  d i r e c t  count 
m icroscopy , coupled  w ith  flou rochrom e dyes to  d i s t in g u is h  between PNANO 
and HNANO components o f th e  n an o p lan k to n , have p ro v id ed  more a c c u ra te  
e s t im a tio n s  o f  s ta n d in g  s to c k ,  b iom ass, and d i s t r i b u t i o n s  o f 
n a n o f la g e l la te s  in  a  few env ironm ents (B eers  e t  a l .  1982; D avis 1982, 
F enchel 1982 a , b , c , d ;  S h e rr  e t  a l .  1982, 1983). E xcept f o r  a s tu d y  
in v o lv in g  c u l tu r e d  i s o l a t e s  from  N a rra g a n s e tt  Bay and S arg asso  Sea 
nanop lank ton  (D av is and S ie b u r th  1984), th e se  s tu d ie s  g e n e ra l ly  do n o t 
in c lu d e  b o th  s e a s o n a l s p e c ie s  I d e n t i f i c a t i o n s  and s ta n d in g  s to c k  
in fo rm a tio n . E p if lu o re sc e n c e  d i r e c t  coun t and photomlcroBCOpy 
te c h n iq u e s  can  be used  o n ly  to  document and d i f f e r e n t i a t e  among th e  
b a s ic  ty p e s  (n o t s p e c ie s )  o f HNANO and PNANO. E le c tro n  phot'om icroscopy 
p ro v id e s  th e  f i n e r  v i s u a l  d e t a i l  f o r  i d e n t i f i c a t i o n  b u t has n o t been
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used  In  com bination  w ith  e p if lu o re s c e n c e  te c h n iq u e s  ex ce p t f o r  
in v e s t ig a t io n s  o f  f r e e - l i v i n g  and a t ta c h e d  b a c t e r i a  (Bowden 1977; Watson 
e t  a l .  1977; Zimmerman 1977; Fuhrman and A2 am 1980; W ilson and S tevenson  
1980; Fuhrman 1981) and f o r  c u l tu r e d  HNANO (F en ch e l 1982a, D avis 1982).
In  th e  p re s e n t  s tu d y , i n  s i t u  cham bers in c u b a te d  in  th e  m arsh- 
m u d fla t system  w ere u t i l i z e d  d u rin g  s p r in g  bloom p e r io d s .  Com parative 
e p if lu o re s c e n c e  and SEM p h o tom lcroscop ic  m ethods were employed to  
c h a r a c te r i z e  th e  observed  HNANO assem blages i n  te rm s o f s p e c ie s  
co m p o sitio n  and grow th and g ra z in g  r a t e s .  E lev en  s p e c ie s  o f 
A can thoecidae  c h o a n o f la g e l la te s  from  th e se  assem blages a re  d e sc r ib e d  as 
new re c o rd s  f o r  Chesapeake Bay and th e  p re sen ce  o f  one B lco ec id  i s  
r e p o r te d .
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METHODS AND MATERIALS 
F ie ld  Sam pling
The m arsh -m udfla t s i t e  o f  th e  HNANO community dynam ics s tu d y  was 
lo c a te d  i n  a  s m a ll ,  b ra c k is h  (10 -22  p p t)  t i d a l  embayment (300 x 100 m) 
a t  Carmines I s la n d ,  V ir g in ia  (37 °1 7 'N , 76°32'W) (F ig .  1 ) .  The embayment 
i s  connec ted  to  th e  York R iv e r by a  narrow  ch an n e l a t  one en d , i s  
b o rd e red  on b o th  s id e s  by a  f r in g in g  S p a r t ln a  a l t e r n i f l o r a  m arsh and i s  
fe d  by a  t i d a l  c re e k  a t  th e  o th e r  en d . Sam pling s t a t i o n  one (m arsh) was 
lo c a te d  where th e  t i d a l  c re e k  e n te r s  th e  embayment form ing  a  sm a ll m arsh 
t i d a l  p o o l a t  low w a te r .  S ta t io n  two (m u d fla t)  was lo c a te d  In  th e  
m idd le  o f  a  la r g e  sh a llo w  t i d a l  poo l formed in  th e  embayment d u rin g  low 
w a te r . D if fu s io n  cham bers w ere suspended a t  th e  r e s p e c t iv e  m arsh and 
m u d fla t s t a t i o n s  i n  sh a llo w  w a te r  r e s e r v o i r s  sunk in to  s u b s t r a t e ;  t h i s  
arrangem ent s im u la te d  p ro te c te d  t i d a l  p o o ls  ty p i c a l  o f  t h i s  cove m arsh .
A su p p o rt s t r u c t u r e  c o n s is te d  o f a  f l o a t  mechanism th a t  housed th e  
cham bers in  open cages equipped  w ith  f lo w -th ro u g h  p le x ig la s s  b a f f le s  
(F ig . 2 ) .  T h is  s t r u c t u r e  a llow ed  cham bers to  move v e r t i c a l l y  th rough  th e  
w a te r column w ith  t i d a l  f l u c t u a t i o n s ,  y e t  rem ain  submerged d u rin g  s p r in g  
low t i d e .  D if fu s io n  chamber sam ples (2  m l) w ere ta k e n  d a i ly  a t  low t i d e  
(o r  more f r e q u e n t ly )  from  sam pling  p o r t s  w ith  s y r in g e s  equ ipped  w ith  2 2  
gauge n e e d le s .  Samples w ere p re se rv e d  im m ediately  i n  th e  f i e l d  w ith  a  
f i n a l  c o n c e n tra t io n  o f  0.3% g lu te ra ld e h y d e  f o r  e p if lu o re s c e n c e  d i r e c t  
coun t en u m era tio n . Both chamber and c o n c u rre n t en v iro n m en ta l sam ples f o r  
a n a ly se s  o f am bient nan o p lan k to n  community and v a r io u s  p h y s ic a l  
p a ram ete rs  ( te m p e ra tu re ,  s a l i n i t y ,  n u t r i e n t s )  w ere ta k e n  a t  low w a te r
F ig u re  1 . S tudy s i t e  and s t a t i o n  lo c a t io n s .
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F ig u re  2 . Diagram o f  d i f f u s io n  chamber and su p p o rt s t r u c t u r e .
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over a  7 to  10 day p e r io d  (C h ap te r 3 ) .  G razing  r a t e s  o f  HNANO 
p h a g o c y tiz in g  b a c t e r i a  were de term ined  u s in g  two d i f f e r e n t  e x p e rim en ta l 
app roaches based  on d a ta  from  two d i f f e r e n t  p o re  s iz e  s e r i e s  o f  chambers 
(F en ch e l 1982b; Landry e t  a l .  1984; C hap ter 3 ) .  In  B itu  d i f f u s io n  
chamber and d a i ly  en v iro n m en ta l sam pling a t  low w a te r  made p o s s ib le  
e v a lu a t io n  o f s h o r t  te rm  c y c le s  in  p re d a to r -p re y  in t e r a c t io n s  and 
c o r r e l a t i o n  betw een b a c t e r i a  and HNANO abundances.
Epifluorescence Microscopy
The method used is very similar to that outlined by Haas (1 9 8 2 ).
I t  i s  a  m o d if ic a t io n  o f  th e  a c r id in e  o range d i r e c t  coun t te c h n iq u e  
(AOBC) where p r o f la v in  i s  used  r a th e r  th a n  a c r id in e  o range  a s  th e  
f lu o r e s c e n t  s t a i n .  The p r o f la v in  s t a i n  makes d i f f e r e n t i a t i o n  o f 
h e te ro tro p h lc  and a u to tro p h ic  B pecies p o s s ib le .  Two ml sam p les, 
p re se rv e d  w ith  a  f i n a l  c o n c e n tra t io n  o f  0.3% g lu ta ra ld e h y d e ,  were s to re d  
a t  4°C and l a t e r  s ta in e d  w ith  p r o f la v in .  A f te r  s t a i n in g ,  th e  sample i s  
drawn o n to  an  l r g a l e n  b la c k  p r e s ta in e d  0 .2 0  jum N uclepore membrane 
f i l t e r .  The f i l t e r  i s  th e n  p la c e d  betw een th in  f i lm s  o f  low 
f lu o re s c e n c e  im m ersion o i l  and betw een a  g la s s  s l i d e  and co v er s l i p .  
S lid e s  a r e  observed  w ith  a  Z e is s  s ta n d a rd  m icroscope equ ipped  w ith  a  12 
v o l t ,  1 0 0  w a tt tu n g s te n -h a lo g e n  lamp f o r  e p i f lu o re s c e n c e ,  u s in g  a  band 
p ass  450-490 e x c i t e r  f i l t e r ,  a FT 510 ch ro m a tic  beam s p l i t t e r  and a  long  
p ass  528 b a r r i e r  f i l t e r .  The P lanapochrom at 100X, 1 :4  NA o i l  im m ersion 
o b je c t iv e  was used  f o r  c o u n ts  o f  HNANO and b a c t e r i a .
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Scanning  E le c tro n  M icroscopy (SEM)
A f ix a t io n  te c h n iq u e  in v o lv in g  a f i l t e r  a p p a ra tu s  w ith  N uclepore 
f i l t e r s ,  and a  combined f i x a t i v e  (g lu te ra ld e h y d e ,  a c r o l e in ,  ta n n ic  a c id )  
r e s u l t e d  in  s u c c e s s fu l  p re p a ra t io n  o f  HANO, p a r t i c u l a r l y  l o r i c a t e  
c h o a n o f la g e l la te s .  The f i n a l  f i x a t iv e  c o n c e n tra t io n s  were s im i la r  to  
th o s e  recommended by Van d e r  Veer (1982) to  f i x  sm a ll and d e l i c a t e  
m arine  p la n k to n  and r e t a i n  f l a g e l l a  f o r  l i g h t  m icroscopy* The m ethod, 
d e r iv e d  from e l e c t r o n  m ic ro sco p ic  f i x a t i o n s ,  in v o lv e d  u s in g  
c e n t r i f u g a t io n  f o r  r in s in g  and c o n c e n tra tin g  c e l l s .  The SEM f ix a t io n  
sc h e d u le  p re s e n te d  h e re  in c lu d e s  m o d if ic a t io n s  o f  SEM and TEM 
m ethodology w hich in c o rp o ra te  th e  u se  o f com binations o f f i x a t i v e s .  I t  
a ls o  in v o lv ed  g e n t le  f i l t r a t i o n  onto  la rg e  pore s i z e  N uclepore f i l t e r s  
(0 .4  and 1 . 0  }im) to  m inim ize c e l l  d is r u p t io n  and y e t  o b ta in  
c o n c e n tra t io n s  com parable to  th o se  observed  w ith  e p if lu o re s c e n c e  
m icro sco p y . At th e  end o f  th e  in c u b a tio n ,  c o n te n ts  of th e  chamber were 
poured  g e n t ly  in t o  s t e r i l i z e d  g la s s  sc rew -to p  t e s t  tu b e s  and p re s e rv e d . 
Samples p re f ix e d  w ith  0.5% g lu ta ra ld e h y d e  f o r  r e p l i c a t e  e p if lu o re s c e n c e  
c o u n ts  and pho to g rap h s may be s to re d  a t  4°C b e fo re  SEM p re p a ra t io n .  The 
p r e f i x  w ith  g lu ta ra ld e h y d e  was n e c e ssa ry  b e fo re  f ix a t io n  w ith  mixed 2 % 
g lu ta ra ld e h y d e  and  ta n n ic  a c id  s o lu t io n s  (Murakami and Jo n es  1980). 
P ro longed  p r e f ix a t io n  f o r  s e v e r a l  hou rs  w ith  low c o n c e n tra t io n s  o f 
g lu te ra ld e h y d e  a l s o  h e lp ed  e l im in a te  th e  p o s s i b i l i t y  o f co n tin u ed  
OBmotic a c t i v i t y  a s  w e ll a s  p rov ided  r e p l i c a t e  sam ples f o r  
e p if lu o re s c e n c e  m icroscopy .
F ix a t io n s  w ere done a t  room te m p e ra tu re  a t  pH 7 .2 .  Com bination o f  
4% g lu ta ra ld e h y d e  w ith  8 % a c r o l e in ,  and 4% ta n n ic  a c id  (m o d ified  to
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y ie ld  f i n a l  f i x a t io n  c o n c e n tra t io n s  o f  1.5%:2%:1% o r  2%:2%:1%) f o r  
a ldehyde f i x a t io n  r e s u l t e d  i n  w e ll-p re se rv e d  f l a g e l l a  and o th e r  d e l i c a t e  
s t r u c t u r e s .  A c ro le in  p e n e t r a te s  c e l l s  and s to p s  enzym atic  a c t i v i t y  
q u ic k ly , re n d e r in g  c e llB  o s m o tic a l ly  in a c t iv e  and s t a b i l i z i n g  
g ly c o p ro te in .  T annic a c id  o r  ta n n in ,  an  o rg a n ic  m o lecu le  
( g a l lo y lg lu c o s e ) , i s  a  m ordant w hich enhances r e a c t i v i t y  o f m o le c u le s , 
e s p e c ia l ly  f o r  b e t t e r  s ta in in g  w ith  m e ta ls  such  a s  osmium. Not on ly  does 
ta n n ic  a c id  f a c i l i t a t e  osmium Im p reg n a tio n , b u t i t  h e lp s  p re v e n t 
sh rin k ag e  d u rin g  th e  c r i t i c a l  p o in t d ry in g  (CPD) s te p .  T annic a c id  w i l l  
form  p r e c i p i t a t e s  i n  s o lu t io n s ,  p a r t i c u l a r l y  i n  n a t u r a l  s e a  w a te r  where 
i t  com plexes w ith  p e p tid e s  and p o ly p e p tid e s .  C onsequently  c e l l s  and 
f i l t e r s  w ere r in s e d  th o ro u g h ly  w ith  b u f f e r  and d i s t i l l e d  w a te r  b e fo re  
a d d i t io n  o f  (b u f f e r e d )  p o s t - f i x a t iv e  1 % OsO^ i n  0 . 1 M sodium c a c o d y la te  
b u f fe r  and 0 .2  pm f i l t e r e d  d i s t i l l e d  w a te r .  Osmium i s  a good f i x a t i v e  
f o r  h ig h ly  m o tile  Bystems; i t  p re s e rv e s  m ost o f th e  l i p i d s  and 
p h o sp h o lip id s  which m ight o th e rw ise  be e x t r a c te d  d u rin g  th e  a lc o h o l 
d e h y d ra tio n . The osmium f i x  im proves f i x a t io n  o f s u r fa c e  a s s o c ia te d  
b a c te r ia  and y e a s ts  and a ls o  p re p a re s  th e  specim en f o r  TEM o b s e rv a tio n . 
The added advan tage  o f  th e  OsO^ p o s t - f i x  i s  th a t  i t  im p a rts  some 
c o n d u c t iv i ty  to  f ix e d  specim ens.
Specimens w ere d eh y d ra ted  in  a  g raded  s e r i e s  o f  e th y l  a lc o h o l to  
100% EtOH, e n c a p su la te d  i n  BEEM c a p s u le s ,  and run  th ro u g h  th r e e  changes 
o f  a c e to n e . Samples in  100% a c e to n e  w ere c r i t i c a l l y  p o in t  d r ie d  w ith  
l i q u id  CO2  i n  a  model E300 P o la ro n  C .P.D . and m ounted on aluminum s tu b s  
w ith  ca rbon  p a in t  (Dag 154). S tubs w ere co a te d  w ith  Au-Pd (150A) in  a  
vacuum e v a p o ra to r  a t  a  vacuum o f 5x10"^ t o r r .  SEM photom icrographs were
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ta k e n  w ith  an AMR 1000 scan n in g  e le c t r o n  m icroscope o p e ra te d  a t  an  
a c c e le r a t in g  v o lta g e  o f  20KV w ith  a  200 urn f i n a l  a p e r tu r e  a t  20° to  45° 
t i l t .
T ran sm issio n  E le c tro n  M icroscopy (TEM)
P e l l e t s  o f  c e l l s  from  d i f f u s io n  chambers were o b ta in e d  f o r  whole 
m ounts by c e n t r i f u g in g  a t  800 X g f o r  20 m in u te s . P e l l e te d  c e l l s  were 
v a p o r- f ix e d  in  2.5% g lu ta ra ld e h y d e  w ith  0 .1  M sodium c a c o d y la te  b u f f e r  
f o r  90 m in u te s , fo llow ed  by r in s in g  two tim es  i n  b u f f e r  w ith  0 .1 5  M NaCl 
a f t e r  g lu ta ra ld e h y d e  f i x a t i o n  (P .  Mason, p e r s .  comm.).
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RESULTS
C h o a n o f la g e lla te s ,  p a r t i c u l a r l y  th e  fa m ily  A can th o e c id ae , and 
Paraphysomonas v e s t i t a  a re  im p o rtan t components o f Chesapeake Bay 
e s tu a r in e  n an o p lan k to n , and com prise a  r e l a t i v e l y  l a r g e  p e rc e n ta g e  o f 
sp r in g  bloom h e t e r o f l a g e l l a t e  assem b lag es . H e te r o f l a g e l l a te  blooms 
(c o n c e n tr a t io n s  > 4 .5  x 1 0 ^ c e l l s  m l"*) dom inated by c h o a n o f la g e l la te s  
o ccu rred  i n  th e  m arsh -m u d fla t t i d a l  p o o l system  a t  v a r io u s  tim es  o f  th e  
y e a r .  These blooms w ere observed  f r e q u e n t ly  d u rin g  mid to  l a t e  s p r in g  
(1981 and 1982) i n  low w a te r  t i d a l  p o o l assem blages and o c c a s io n a lly  
d u rin g  summer m onths, u s u a l ly  in  a s s o c ia t io n  w ith  d ia tom s in  b o th  
se a so n s . The fo llo w in g  f ig u r e s  and t e x t  p re s e n t  r e s u l t s  o f  c o n c u rre n t 
en v iro n m en ta l m o n ito rin g  and in  s i t u  d i f f u s io n  chamber ex p erim en ts  o f  
HNANO assem blages d u rin g  th r e e  s p r in g  bloom p e r io d s  from  1982 th ro u g h  
1984. P lo t s  o f  e p if lu o re s c e n c e  d i r e c t  co u n ts  (F ig u re s  3 ,  7 , 10 , 14) 
show v a r i a t i o n  in  abundances o f am bient HNANO and b a c t e r i a  f o r  
com parison w ith  i n  s i t u  chamber h e t e r o f l a g e l l a t e  v e rsu s  b a c t e r i a  grow th 
cu rves ( p a t t e r n s ) .  These p lo t s  dem on stra te  th e  h ig h  grow th and y ie ld  
p o te n t i a l  o f  each  chamber experim ent s p r in g  bloom assem blage and th e  
co rresp o n d in g  EM m icrog raphs (F ig s .  3 -6 ,  8 , 9 , 11 -1 3 , 15-17) d em o n stra te  
th e  s p e c ie s  d i v e r s i t y  and a s s o c ia t io n s  w ith in  th e  nanop lank ton  
community. The fo llo w in g  p a rag rap h s and c h o a n o f la g e l la te  s p e c ie s  
d e s c r ip t io n s  (w ith  co rre sp o n d in g  SEM and TEM m icro g rap h s) r e p re s e n t  
r e s u l t s  o f combined e p if lu o re s c e n c e  d i r e c t  count and EM photom icroscopy 
a n a ly s is  o f  h e t e r o f l a g e l l a t e  sp e c ie s  assem blages f o r  each  o f  th e  f iv e
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s p r in g  i n  s i t u  d i f f u s io n  chamber ex p erim en ts  o f M arch, A p r i l ,  and May 
1982; A p r i l  1983; and M ay-June 1984.
M arsh-m udflat system  te m p e ra tu re s  and s a l i n i t i e s  ranged from  4 ° to  
35°C and from 10 to  22 p p t ,  r e s p e c t iv e ly ,  d u rin g  th e  1982-1984 se a so n a l 
s tu d y . HNANO assem blages o f  March 1982, sam pled when te m p e ra tu re s  
ranged from  11 to  13°C w ere dom inated by D iaphanoeca s p e c ie s  (P ig . 3 ) .  
D iaphanoeca. re p o r te d  m ost f r e q u e n t ly  i n  b o re a l  env ironm ents (L ead b ea te r 
1972a,b ; Manton e t  a l .  19 8 1 ), may be ty p i c a l  o f  c o ld -w a te r  ( l a t e  s p r in g )  
h e t e r o f l a g e l l a t e  assem b lag es .
H e te r o f l a g e l l a te  abundances m o n ito red  a t  th e  m arsh s t a t i o n  t i d a l  
poo l i n  A p r il  1982, when te m p e ra tu re s  in c re a s e d  to  a  range betw een 14 
and 20°C, w ere th e  h ig h e s t  reco rd ed  d u rin g  th e  th re e  y e a r  sam pling 
p e r io d . Extended blooms o f HNANO ra n g in g  from 5 to  24 .7  x 10^ c e l ls " *  
were observed  d u rin g  ex tended  p e r io d s  o f low w a te r  c o n c u rre n t w ith  
in c re a s e d  c y a n o b a c te r ia  d e n s i t i e s .  Blooms were s u s ta in e d  f o r  s e v e ra l  
d ay s , an  u n u su a lly  long  p e r io d  (F ig .  3 and compare to  A p r il  1983, F ig .
10) f o r  t h i s  t i d a l  env iro n m en t. A verage HNANO d e n s i t i e s  a t  th e  m udfla t 
s t a t i o n ,  by c o n t r a s t ,  rem ained c lo s e  to  th e  s e a s o n a l av erag e  o f  
ap p ro x im ate ly  2 .3  x 10^ c e l l s  m l"* . H e te r o f l a g e l l a te s  in  d i f f u s io n  
cham bers a t  bo th  s t a t i o n s  (F ig .  2) reac h ed  h ig h  d e n s i t i e s  (1 x  10^ c e l l s  
m l"* ). SEM in v e s t ig a t io n  re v e a le d  a  h ig h ly  d iv e rs e  h e t e r o f l a g e l l a t e  
p o p u la tio n  dom inated by A can thoecidae  c h o a n o f la g e l la te s  (F ig s .  4 - 6 ) .  Ten 
A can thoecidae  s p e c ie s  com prised n e a r ly  75% o f th e  t o t a l  h e t e r o f l a g e l l a t e  
assem b lage . The dom inant c h o a n o f la g e l la te  genuB, S tephanoeca , in c lu d ed  
i n  o rd e r  o f  r e l a t i v e  abundance, S tephanoeca e le g a n s . j3, u rn u la ,  S. 
c o n s t r i c t a . j>. com plexa, _S. d ip lo c o s ta t a . v a r  p a u c ic o s ta ta . S a v i l le a
200
F ig u re  3 . T em peratu re , s a l i n i t y ,  and h e t e r o f l a g e l l a t e  d e n s i t i e s  v e rsu s  
b a c t e r ia  d e n s i t i e s  f o r  in  s i t u  d i f f u s io n  chamber experim ent 
and am bient s p r in g  assem blages a t  th e  m arsh s t a t io n  d u rin g  
17-28 March 1982. SEM m icrog raph  i s  o f am bient assem blage 
in c lu d in g  D iaphanoeca sp . i n  March 1982 a t  m arsh s t a t i o n .  
S im ila r  p lo t s  a r e  p re s e n te d  f o r  b o th  th e  m arsh and m u d fla t 
s t a t i o n  d u rin g  17-28 A p r il  1982. (S c a le  b a r  = 10 pm).
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F ig u re  4
F ig u re  5
F ig u re  6
SEM m icrograph  o f sp r in g  bloom assem blage o f  nanop lank ton  
from  th e  A p r i l  1982 in  s i t u  chamber experim en t showing two 
S tephanoeca specim ens in  a s s o c ia t io n  w ith  a  cryptom onad and 
d ia to m , and an u n id e n t i f i e d  monad. S c a le  b a r  ~ 5 pm.
SEM m icrog raph  o f b i f l a g e l l a t e d  h e te r o tr o p h ic  monad from 
A p r il  1982 chamber ex p erim en t. S ca le  b a r  = 2 pm.
SEM m icrog raph  o f  a  sp r in g  bloom assem blage o f  nanop lank ton  
from th e  A p r il  1982 in  s i t u  chamber experim en t showing th e  
d i r e c t  a tta c h m e n t o f S tephanoeca e le g a n s  and a  p e d ic e l l a t e  S. 
c o n s t r i c t a . S c a le  b a r *» 5 pm.
/
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p arv a  and S a e p ic u la  p u lc h ra  were a l s o  r e l a t i v e l y  abundan t a lth o u g h  
observed  l e s s  f r e q u e n t ly  th a n  th e  m ost abundan t s p e c ie s .  A can thoecopsis 
apoda . A. u n g u ic u la ta , and A. s p i c u l i f e r a , w ere a ls o  r e p re s e n te d  a lth o u g h  
by c o n s id e ra b ly  few er num bers. HNANO blooms i n  th e  May 1982 t i d a l  poo l
O
environm ent (3 -5 .4  x 10 c e l l s  ml A) ,  when te m p e ra tu re s  and s a l i n i t i e s  
in c re a s e d ,  w ere n o t a s  pronounced n o r p ro longed  (F ig . 7 ) aB th o s e  
m on ito red  in  t i d a l  p o o ls  d u r in g  A p r i l .  However assem blages in  May 
cham bers were s im i la r  and d iv e r s i t y  rem ained h ig h  w ith  a  s l i g h t  in c re a s e  
i n  SEM o b s e rv a tio n s  o f A. apoda (F ig s .  8  and 9 ) .
A p r il 1983 sam pling p e r io d  was c h a ra c te r iz e d  by l a r g e  f lu c tu a t io n s  
in  te m p e ra tu re  (7  -  20°C) and s a l i n i t y  (10 -  1 5 . 5  p p t)  (F ig .  10) due to  
In c re a s e d  w in te r  and e a r ly  s p r in g  r a in s  and an  anom alous snowstorm .
T id a l po o ls  o f th e  m arsh -m udfla t system  d em o n stra ted  t r a n s i e n t  (4 -6  h) 
blooms o f lo w tid e  assem blages o f  HNANO w ith  maximum c o n c e n tr a t io n s  of 
4 .6 4  x 10^ c e l l s  ml” 1  in  m arsh and 5 .5 3  x 10^ c e l l s  ml- 1  i n  th e  m udfla t 
sam p les . The in c re a s e  i n  m arsh s t a t i o n  h e t e r o f l a g e l l a t e s  a ls o  co in c id ed  
w ith  an in c re a s e  i n  numbers o f la rg e  ro d -sh ap ed  b a c t e r i a  and 
c y a n o b a c te r ia . However, A p r il  1983 cham bers c o n ta in e d  few er 
A can thoecidae  c h o a n o f la g e l la te  th a n  th o se  o f  A p r il  and May 1982 (F ig s . 
1 1 -1 3 ) . C h o a n o f la g e lla te s  composed ap p ro x im a te ly  25 -  50% of 
h e t e r o f l a g e l l a t e  assem b lage . Most common sp ec ieB  w ere A. apoda and S. jd. 
v a r . p a u c ic o s ta ta  and F le u ro s ig a  s p .  A ssem blages w ere dom inated in s te a d  
by Paraphysom onas and bodonld fo rm s.
The May -  e a r ly  June 1984 experim en t was c h a r a c te r iz e d  by low 
s a l i n i t i e s  (11— 12 .5  p p t)  and com parable bu t l e s s  v a r i a b le  tem p era tu re  
(1 5 -  22°C) th a n  p rece d in g  e x p e rim e n ts . A lthough  no pulseB  of g r e a te r
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F ig u re  7
F ig u re  8
F ig u re  9
T em pera tu re , s a l i n i t y ,  and h e t e r o f l a g e l l a t e  abundance v e rsu s  
b a c t e r i a  d e n s i t i e s  f o r  i n  s i t u  d i f f u s io n  chamber experim en ts  
and am bien t assem blages d u rin g  19-26 Hay 1982 a t  th e  m arsh 
and m u d fla t s t a t i o n s .
Two naked h e t e r o f l a g e l l a t e s  w ith  lo n g  s inuous f l a g e l l a  from 
th e  May 1982 in  s i t u  chamber e x p e rim en t. S ca le  b a r  * 1 Jim.
P e d ic e l la te  S tephanoeca c o n s t r i c t a  i n  a s s o c ia t io n  w ith  
d ia tom s in  th e  May 1982 i n  s i t u  chamber ex p erim en t. S ca le  
b a r  =* l  jjm.
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Figure 10.
F ig u re  11.
F ig u re  12.
F ig u re  13.
T em pera tu re , s a l i n i t y ,  and h e t e r o f l a g e l l a t e  d e n s i t i e s  
v e rs u s  b a c t e r i a  abundances f o r  i n  s i t u  d i f f u s io n  chamber 
ex p erim en ts  and am bien t assem blages d u rin g  13-23 A p r il  1983 
a t  th e  m arsh and m u d fla t s t a t i o n s .
SEM pho tom icrog raph  o f sm a ll h e t e r o f l a g e l l a t e  in  a s s o c ia t io n  
w ith  N itz s c h la  s p . from  A p r il  1983 i n  s i t u  chamber 
ex p e rim en t. S ca le  b a r  B 1 pm.
SEM m icrog raph  o f sm a ll bodonid  form  from  A p r il  1983 in  s i t u  
d i f f u s io n  chamber e x p e rim en t. S c a le  b a r  =* 1 pm.
SEM m icrog raph  o f  a  l o r i c a t e  c h o a n o f la g e l la te  and naked 
monad from  A p r i l  1983 ex p erim en t. S c a le  b a r  = 1 pm.
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th a n  4 .5  x 10^ h e t e r o f l a g e l l a t e s  ml” * were observ ed , r e l a t i v e l y  h ig h  
am bient c o n c e n tra t io n s ,  a v e ra g in g  3 .0  x  1 0 ^ c e llB  ml” * , rem ained  above 
an n u a l av e ra g es  (May 1981 -  May'1982 -  2 .3  x lO’* and J u ly  -  Dec 1982 -  
1 .7  x 10^ c e l l s  ml” *) f o r  an  u n u su a lly  lo n g  p e rio d  d u rin g  th e  
e x p e rim e n t. Ambient h e t e r o f l a g e l l a t e  abundances dem onstra ted  l e s s  d a i ly  
v a r i a b i l i t y  th a n  p re v io u s  s p r in g  bloom assem blages (F ig . 1 4 ).
H e te r o f l a g e l l a te  assem blages o f  th e  May-June cham bers, examined 
un d er TEM pho tom icroscopy , were com prised o f  ap p ro x im ate ly  40% 
c h o a n o f la g e l l a te s , dom inated by S tephanoeca d ip lo c o s ta ta . v a r .  
p a u c ic o s ta ta  and A can thoecopsis  s p . , and 60% mixed assem blage o f  
Paraphysom onas v e s t l t a , b o d o n id s , and b ic o e c ld s  ( F ig s .  1 5 -1 7 ).
D e ta i le d  d e s c r ip t io n s  and c o rre sp o n d in g  SEM m icrog raphs o f  th e  
e le v e n  A can thoecidae  c h o a n o f la g e l la te  s p e c ie s  observed  i n  d i f f u s io n  
cham bers a r e  p re s e n te d  below . None o f  th e s e  sp e c ie s  have p re v io u s ly  
been re p o r te d  i n  Chesapeake Bay e s tu a r in e  sy stem s. A p ro to ty p e  (F ig .
18) o f  an  A can thoecidae  c h o a n o f la g e l la te ,  i l l u s t r a t i n g  d ia g n o s t ic  
f e a tu r e s  r e f e r r e d  to  in  th e  d e s c r ip t io n s  and m icro g rap h s, i s  in c lu d e d  as 
p a r t  o f T ab le  1 which sum m arizes d ia g n o s t ic  c h a ra c te r s  and ran g es  o f 
d im ensions o f th e  e le v e n  d e sc r ib e d  s p e c ie s .  HNANO p o p u la tio n s  from  th e  
cham bers w ere dom inated by la rg e  Paraphysomonas and A can thoecidae  
c h o a n o f la g e l la te  s p e c ie s .  Chamber sam ples an a ly zed  w ith  TEM 
photom icroscopy in  o rd e r  to  i d e n t i f y  Paraphysomonas v e s t i t a  u s in g  s c a le  
m orphology, re v e a le d  A can thoecidae s p e c ie s  c o n s t i tu te d  n e a r ly  25 to  50% 
o f th e  HNANO (F ig s .  15 , 1 9 ) . P o s i t iv e  I d e n t i f i c a t i o n  o f b ic o e c ld s  was 
p o s s ib le  f o r  th e  f i r s t  tim e f o r  th e  Chesapeake Bay a r e a .  The^e monad­
l i k e  (tw o f l a g e l l a )  p h ag o tro p h s , a re  a  s ig n i f i c a n t  component o f  t h i s
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Figure 14.
Figure 15.
Figure 16.
Figure 17.
T em p era tu re , s a l i n i t y ,  and h e t e r o f l a g e l l a t e  d e n s i t i e s  v e rs u s  
b a c t e r i a  d e n s i t i e s  d u r in g  31 May -  5 Ju n e  1984 in  s i t u  
chamber ex p erim en t a t  th e  m u d fla t s t a t i o n .
TEM p h o tom icrog raph  o f  A can thoecidae  c h o a n o f la g e l la te  from  
M ay-June 1984 in  s i t u  d i f f u s io n  cham ber e x p e rim e n t. S ca le  
b a r  » 1  }im.
TEM pho tom icrog raph  o f  Paraphysom onas v e s t i t a  from  M ay-June 
1984 in  s i t u  d i f f u s io n  chamber e x p e rim e n t. S c a le  b a r  “  2
Jim.
TEM pho tom icrog raph  o f  a  h a p to p h y te  showing a  h a i r - p o i n t  
f l a g e l l a  w ith  m astigonem es from  th e  M ay-June 1984 i n  s i t u  
d i f f u s io n  chamber e x p e rim e n t. S c a le  b a r  ** 2 jrn .
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F ig u re  18. P ro to ty p e  o f a  c h o a n o f la g e l la te  d e p ic tin g  d ia g n o s t ic  
f e a tu r e s  o f  th e  l o r i c a .
2 1 3
Table 1. Dimensions of sp e c ie s  d e s c r i b e d  In t e x t .
Dlaphanocca — --------------— - -----— ------S tep h an o eca------ -------- —
g ran d ls  d lp lo c o s tn tn  e len an s c o n s t r lc ta  urnula  
v a r . p a u c lc o a ta ta  "
L orica He (pro) 2 3 .0 -2 5 .0  9 .5 -1 2 .0  1 0 .5 -1 2 .5  10.0-12 .5  7 .5 -9 .5
C ell (w x 1) 3 .3x4 .0  2 .5 x 3 .5  2 .5 x 3 .0  2 .5x3 .0  2 .0x2 .5
F la g e lla
Length (pm) 4-5 5 4 .0 - s .o
P o s te r io r
Chamber (pm) NA 3-4 3 .5 -5 .0  3 .5 -5 .0  3 .5
A n terio r
Chamber (pro) NA 6 .5 -7 .8  7 .0 -8 .5  7 .0 -8 .5  4 . 5 -6 .0
w i l l
L ongitud inal
Costae I 11-12 12-13 18-21 16-19 14-15
Transverse
Costae f  4 4 -5  3 ,4  3>4 5 -9
A n te rio r
O rif ic e  (pro) <3 3 4 .5 -6 .0  3 .5 -4 .5  2 .0 -2 .5
S ta lk  YES YES
Number of C ells
Observed 3 5 >15  >14 10
w -  w idth In pn 
1 -  len g th  in  pro
A nterior , 
Cham ber
Lorica
Height
Posterior
Cham ber
A nterior
Orifice
A nterior (rim) 
Transverse Costae
Flagella
Longitudinal
Costae
Collar
Transverse
Costae
Waist
Cell
complcxa
10.0- 12.0 
2.5x3.2
4 .5 -5 .0  
4 .3 -5 .0
6 .5 -7 .5  
1
10-14
<4
3 .5 -4 .0
5
CHOANOFLAGELLATE 
LORICA PROTOTYPE
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Table 1. (c o n tin u e d )
 ------— AcanthoecopBla — ----------- -
apoda u n g u lc u la ta  s p l c u l i f e r a
L o rica  Ht (pm) 1 0 .5 -1 2 .0  1 0 .0 -1 2 .5  1 4 .8 -1 5 .3
C e ll (w x 1) 2 .5 x 3 .5  3 .3 x 5 .0  2 .5 x 4 .5
F la g e lla
Length (pm) 4 .0
P o s te r io r
Chamber (pm) 8-9 5 .6 x 5 .9  6 .3
w x  1
A n te rio r
Chamber (pm) 3 .5 -4 .5  7 ,0 x 7 .5  7 .5 x 8 .5
1 v  x  1 w x 1
L o n g itu d in a l
C ostae # 12-14 13-14 13-14
T ransverse
C ostae t  4  v a r ia b le  v a r ia b le
A n te r io r
O r if ic e  (/um) NA NA
S ta lk  YES
Number of C e lls  
Observed >10 <5 <5
S aep icu la  S a v ll le a  
p u lch ra  parva
7 .5 -9 .0  4 .5 -6 .5
2 .0 x 3 .0  2 .5x3 .5
4 .0
4 .0 -4 .5  
w
10
6 .0 -7 .0  1 .0 -2 .0
>5 >10
/
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F ig u re  19.
F ig u re  20.
F ig u re  21.
F ig u re  22.
TEM photom icrograph  o f an A can thoecopsis  sp . from th e  May- 
June  1984 in  s i t u  d i f f u s io n  chamber e x p e rim en t. S ca le  b a r  =
1 Jim.
TEM photom icrograph  o f  a bodonid h e t e r o f l a g e l l a t e  from th e  
May-June 1984 i n  s i t u  d i f f u s io n  chamber ex p erim en t. S ca le  
b a r = 1  jim.
TEM photom icrograph  o f  a b ic o e c id  h e t e r o f l a g e l l a t e  from  th e  
May-June 1984 in  s i t u  d i f f u s io n  chamber exp erim en t. 
M icrograph r e v e a ls  th e  c h a r a c t e r i s t i c  h y a l in e  l o r i c a  and 
long  s in u o u s  f l a g e l l a .  S ca le  b a r  = 1 jnn.
TEM photom icrograph  o f  Paraphysomonas v e s t i t a  from  th e  May- 
June 1984 i n  s i t u  d i f f u s io n  chamber ex p e rim en t. M icrograph 
re v e a ls  s p e c ie s - s p e c i f ic  sp in ed  s c a le s .  S c a le  b a r  = 1 Jim.
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(May 1984 ~ Pigs* 16* 20) HNANO assem blage and may have been 
u n d e re s tim a te d  in  p re v io u s  SEM p re p a ra t io n s  where c h a r a c t e r i s t i c  h y a lin e  
s h e a th s ,  n e c e ssa ry  f o r  p o s i t i v e  i d e n t i f i c a t i o n ,  a re  n o t a s  w e ll 
p re s e rv e d . However i d e n t i f i c a t i o n  o f  A can thoecidae  was g r e a t ly  l im ite d  
by d i s t o r t i o n  o f l o r i c a s  i n  ty p i c a l  TEM p re p a ra t io n s  (F ig s .  15, 1 9 ). 
P h o to m icro sco p ic  a n a ly s is  o f a l l  o f  th e s e  sp r in g  blooms d em o n stra te  th e  
n e c e s s i ty  o f combined a n a ly s i s  o f e p if lu o re s c e n c e ,  SEM, and TEM f o r  
com plete  e v a lu a t io n  o f  s p e c ie s  a ssem b lag es . SEM i s  p a r t i c u l a r l y  
v a lu a b le  fo r  c h o a n o f la g e l la te s , showing d e t a i l s  o f l o r i c a ;  TEM fo r  
showing c h o a n o f la g e l la te  c o l l a r s  and th e  h y a lin e  l o r i c a  o f  b ic o e c id s  and 
s p e c ie s  s p e c i f i c  s c a le s  o f  Paraphysom onas s p e c ie s  (F ig .  2 2 ) ; and 
e p if lu o re s c e n c e  f o r  en u m era tio n .
D iaphanoeca g ra n d ls  (F ig . 23)
T his s p e c ie s  was p re s e n t  i n  March 1982 in  5 to  8 °C York R iv e r 
w a te rs  and i n  a  c u l tu r e  o f  t h i s  w a te r  in c u b a te d  a t  5°C. The s p e c ie s  was 
a ls o  found grow ing in  d i f f u s io n  cham bers a t  th e  m arsh p o o l s t a t io n s  
where te m p era tu re s  and s a l i n i t i e s  ranged  between 7 to  13°C and 14 .5  to  
15 .5  p p t .
The p r o to p la s t  i s  ovo id  ( s u b s p h e r ic a l )  w ith  app ro x im ate  d im ensions 
o f  4 .0  nm x 3 .3  pm when m easured i n  d r ie d  p r e p a ra t io n s .  The c e l l  i s  
suspended f r e e l y  a t  th e  m id -s e c tio n  o f th e  c o n ic a l-sh a p e d  l o r i c a ,  w ith  
th e  f l a g e l l a  ex ten d in g  tow ards th e  a n t e r io r  o r i f i c e .  The c o l l a r  i s  
h id d en  from o b s e rv a tio n  w ith  SEM m icrography  by a th in  su b ten d in g  
membrane which co m p le te ly  l i n e s  th e  chamber from th e  a n t e r io r  
convergence to  th e  second tr a n s v e r s e  c o s ta e .  T h is c h a r a c t e r i s t i c
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f e a t u r e ,  d e sc r ib e d  u s in g  l i g h t  and TEM m icroscopy  by L e a d b ea te r  (1973, 
1981) and Thomsen (1982) f o r  S tephanoeca and D laphanoeca s p e c ie s ,  was 
c l e a r ly  e v id e n t as  a  th in  s h ro u d - l ik e  In v estm en t i n  th e  p r e s e n t  SEM 
p re p a ra t io n s  (Fig* 2 3 ) . T o ta l h e ig h t  (w ith  s t a l k )  o f th e  d e l i c a t e  
u n d u la tin g  l o r i c a  ranged from  3 3 .5  to  3 6 .0  pm. The la rg e  te a r -d ro p  
shaped chamber was ap p ro x im ate ly  2 3 .0  to  2 5 .0  um long  and 16 .0  to  18 .5  
um wide a t  th e  w id e s t d ia m e te r .
The l o r i c a  i s  formed by a s e r i e s  o f o v e rla p p in g  c o s ta l  s t r i p s  
( s l i g h t l y  curved  ro d s )  a rran g ed  i n  a  d i s t i n c t  p a t te r n  o f 1 1  to  1 2  
lo n g i tu d in a l  c o s ta e  e n c i r c le d  by A to  5 t r a n s v e r s e  c o s ta e ,  a  n u m e rica l 
arrangem ent a l s o  c h a r a c t e r i s t i c  o f th e  a r c t i c  D. m u l t ia n n u la ta  n . s p .
(Buck 1981) and D. p e d ic e l l a ta  and D. g ra n d !s  o f  J u g o s la v ia  (L ea d b ea te r  
1973). The lo n g i tu d in a l  c o s ta e ,  each c o n s is t in g  of 6  o r  7 c o s t a l  s t r i p s  
o f  abou t A to  5 um i n  le n g th ,  r a d ia t e  o u t a lo n g  th e  le n g th  o f th e  
cham ber. These c o s ta e  a r e  n e a r ly  e q u id ls ta n t ly  spaced  ( a t  approx im ate
2 . 2  i^m in t e r v a l s )  where th e y  m eet th e  sm a ll a n t e r io r  t r a n s v e r s e  c o s ta e  
(7 .0  -  8 .0  um w id e ). The lo n g i tu d in a l  c o s ta e  ex tend  p a s t  th e  
a n te r io rm o s t  t r a n s v e r s e  c o s ta e  and co n n ec tin g  membrane, a s  f r e e  a n t e r io r  
s p in e s .  The c o s t a l  s t r i p s  o f  lo n g i tu d in a l  c o s ta e  o v e rla p  to  a  c e r t a in  
d e g re e , u s u a l ly  ab o u t 10 to  20% a t  th e  p o s te r io r  end and A0 to  50% 
betw een th e  a n t e r io r  t r a n s v e r s e  c o s ta e .  T h is r e s u l t s  i n  a  c lo s e ,  n e a r ly  
e q u id is ta n t  (2 .0  -  2 .5  U“ ) arrangem ent o f th e  p o s te r io r  t r a n s v e r s e  
c o s ta e .  The V irg in ia  specim ens d e sc r ib e d  h e re  o c c a s io n a lly  have one more 
p o s te r io r  t r a n s v e r s e  c o s ta e  th an  th e  b o re a l  (Thomsen 1982) specim ens.
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The p o s te r io r  t r a n s v e r s e  c o s ta e  a re  composed o f  a c o n s ta n t number 
( 1 1  -  1 2 ) o f  s l i g h t l y  cu rved  c o s t a l  s t r i p s  o f  a p p ro x im a te ly  eq u a l le n g th  
(3 .5  -  4 .0  jum). One end o f  th e  c o s t a l  s t r i p  a t ta c h e s  to  th e  a d ja c e n t ,  
e i t h e r  end to  end o r  w ith  a  sm a ll d eg reee  o f  l i n e a r  o v e rla p  (5 to  15%) 
and th e  o th e r  end a t ta c h e s  d i r e c t l y  to  th e  lo n g i tu d in a l  c o s ta l  s t r i p .
Two o r  th re e  d i f f e r e n t  ty p e s  o f a n t e r io r  -  lo n g i tu d in a l  c o s ta e  
a tta c h m e n ts  e x i s t ,  w hich resem ble  th o se  d e p ic te d  f o r  D. g ra n d ls  and D. 
u n d u la ta  by Thomsen (1 9 8 2 ). The bottom  t r a n s v e r s e  c o s ta e  a t ta c h e s  n e a r 
o r  a t  th e  ju n c t io n  o f  th e  f i r s t  a n t e r i o r  s p in e  and second lo n g i tu d in a l  
c o s ta l  s t r i p  a t  th e  p o in t  o f  s im p le  end to  end j o i n s .  The n ex t 
p o s te r io r  c o s ta e  c ro s s e s  a n t e r io r  to  th e  o v e rla p  ju n c t io n s  between 
second and t h i r d  lo n g i tu d in a l  c o s t a l  s t r i p s .  One end o f th e  c o s t a l  
s t r i p  co n n ec ts  d i r e c t l y  to  th e  lo n g i tu d in a l  coB tae a t  th e  second and 
th i r d  s t r i p  o v e rla p  and th e  o th e r  a t ta c h e s  on a  d ia g o n a l w ith  15 to  20% 
o v e rla p  to  th e  a d ja c e n t  c o s ta l  s t r i p .  The m id - tra n s v e rs e  c o s ta l  s t r i p s ,  
where th e  su b ten d in g  membrane te rm in a te s ,  a r e  s l i g h t l y  more cu rv ed . 
T ran sv e rse  c o s t a l  s t r i p s  connec t end to  end ( s l i g h t  o v e r la p )  u s u a l ly  a t  
th e  te rm in a t io n  o f  a  40 to  50% o v e rla p  o f th i r d  and fo u r th  c o s ta l  
s t r i p s .
The sm a ll c i r c u l a r  a n t e r io r  t r a n s v e r s e  c o s ta e  ap p ea rs  to  be 
composed o f a d o ub le  la y e r  o f c o s t a l  s t r i p s  superim posed (w ith  g r e a te r  
th an  50% o v e rla p )  to  form  th e  sm a ll b u t th ic k e n e d  a n t e r io r  r in g .  F ig u re  
3 shows c l e a r ly  th e  convergence and s u c c e s s iv e  r e d u c t io n  o f  lo n g i tu d in a l  
c o s ta e  beyond th e  a n t e r io r  r in g  to  form  p a i r s  o f w id er coB tae which th en  
a l l  merge to  form  narrow  o pen ing . ,
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F ig u re  23 . D iaphanoeca g ra n d is  -  C ollapsed  l o r i c a  w ith  c e l l ,
f l a g e l l a ,  and f i b r i l l a r  membrane e x te n d in g  from  p o s te r io r  
c o s ta e .  The e le v e n  lo n g i tu d in a l  c o s ta e  and th e  f iv e  c o s ta l  
s t r i p s  p e r  c o s ta e  a r e  e a s i l y  d is c e rn e d . T ra n sv e rse  c o s ta e  
c l e a r ly  show im b r ic a te  a rrangem ent. S ca le  b a r  = 5 pm.
F ig u re  2 4 . S tephanoeca d ip lo c o s ta ta  v a r .  p a u c ic o s ta ta . View
o f a n t e r io r  end o f  l o r i c a  c o n ta in in g  c e l l  and c o i le d  
f l a g e l l a .  I r r e g u la r l y  spaced  a ttach m en ts  o f lo n g i tu d in a l  
c o s ta e  a t  a n t e r io r  rim  a re  o bv ious . S c a le  b a r  = 2 jim.
F ig u re  25 a . S. d .  v a r .  p a u c ic o s ta ta . Two specim ens among an  assem blage 
o f m ic ro p lan k to n  c o l le c te d  in  A p r il  1982. A n te r io r  
t r a n s v e r s e  c o s ta e  and rimmed o r i f i c e  obv ious in  specim en 
p a r a l l e l  to  S kele tonem a. S cale  b a r = 10 jim.
F ig u re  25b. D e ta i l  o f  F ig . 2 5 a . Shows p o s te r io r  cham ber, suspended
c e l l  and c o s ta l  ju n c t io n s  o f a n t e r io r  cham ber. S ca le  b a r  = 
2 jim.
/
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Stephanoeca
S p ec ies  o f S tephanoeca genus dom inated s p r in g  bloom 
h e t e r o f l a g e l l a t e  a ssem b lag es . F ive s p e c ie s  o ccu rred  in  each  o f A p r il 
and May 1982 cham bers: .S. e le g a n s  and S. d ip lo c o s ta ta  p a u c ic o s ta ta  were 
abundant i n  May 1984. The d is t in g u is h in g  c h a r a c t e r i s t i c  common to  a l l  
( E l l i s  1930; L ead b ea te r 1981) i s  a  d iv id e d  l o r i c a  composed o f  r e l a t i v e l y  
th ic k  c o s t a l  s t r i p s  which co m p le te ly  su rro u n d s  th e  c e l l ,  c o l l a r ,  and 
f la g e llu m . A w a i s t - l in e  c o n s t r i c t io n  d iv id e s  th e  sm a ll p o s te r io r  
chamber which i s  l in e d  by a  d iaphanous membrane and c o n ta in s  th e  
p r o to p la s t  from  th e  la rg e  a n t e r io r  chamber which e n c lo se s  th e  c o l l a r  
f la g e llu m . A c i r c u l a r  o r  o v a l a n t e r io r  rim  ( o r i f i c e ) ,  formed by a 
th ic k e n e d  c o s ta e ,  i s  a l s o  a  d is t in g u is h in g  f e a tu r e .  S pecies a re  
f r e q u e n t ly  p e d i c e l l a t e ,  b u t th e  s t a l k  i s  n o t s p e c ie s - s p e c i f ic  nor 
n e c e ssa ry  f o r  a t ta c h m e n t.
S tephanoeca d ip lo c o s ta ta  E l l i s  v a r .  p a u c ic o s ta ta  Throndsen 
( F ig s .  24-25)
S e v e ra l b a sk e t-sh a p e d  l o r i c a t e  c e l l s  composed o f  two chambers were 
found grow ing in  in c u b a tio n  chambers a t  th e  m arsh t i d a l  pool s t a t io n  
d u rin g  l a t e  A p r il  1982 when te m p era tu re s  and s a l i n i t i e s  ranged from 17- 
24°C and 15-18 p p t ,  r e s p e c t iv e ly .  L o r ic a s  ranged in  h e ig h t from  9 .5  to  
12 .0  pm and in  maximum w id th  from 6 .5  to  7 .8  jim. £ .  d . p a u c ic o s ta ta , i s  
a  l e s s  complex v a r i e ty  o f d ip lo c o s ta ta  E l l i s ,  p o sse ss in g  ^ew er 
t r a n s v e r s e  and t o t a l  c o s ta e  ( l e s s  than  150 c o s ta l  s t r i p s ) .  A p a ire d
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t r a n s v e r s e  c o s ta e  occurs o n ly  a t  maximum d ia m e te r  o f  th e  l o r i c a .  The 
lo r l c a  I s  c h a ra c te r iz e d  by s im p le r  and more r e g u la r  c o s t a l  s t r i p  
arrangem ent th a n  S. d ip lo c o s ta ta  w hich re su ltB  In  a  s m a l le r  s iz e  and few 
p e d ic e l l a t e  fo rm s. Both S . d ip lo c o s ta ta  and S. d . p a u c ic o s ta ta  have 
been re p o r te d  in  a  wide ran g e  o f  c o a s ta l  env ironm ents ra n g in g  from 
G reen land , S c an d in av ia , G rea t B r i t a in  and Denmark (ThrondBen 1970; 
Thomsen 1973; 1982; L ead b ea te r 1972 a ,b )  to  Y ugoslav ia  and A u s t r a l i a  
(L e a d b e a te r  1973; H a lle g ra e f f  1983). jS. d . p a u c ic o s ta ta  has n o t been 
found a s  f r e q u e n t ly  as S. d ip lo c o s ta ta  and i s  more common in  te m p era te  
and q u ie sc e n t in la n d  w a te rs  r a th e r  th a n  in  th e  open ocean  n an o p lan k to n . 
The r e l a t i v e l y  sm a ll s iz e  o f  th e  York R iv e r specim ens d e sc r ib e d  h e re  i s  
s im i la r  to  th o se  o f  th e  warmer, te m p era te  w a te rs  of Y ug o slav ia  and 
A u s t r a l i a .
L o r ic a  o f V irg in ia  s p e c ie s  a r e  composed o f 12-13 lo n g i tu d in a l  
c o s ta e  and A o r  5 t r a n s v e r s e  c o s ta e  in c lu d in g  th e  a n t e r i o r  rim , p a ire d  
a n t e r io r  t r a n s v e r s e  c o s ta e ,  and a v a r ia b le  number e n c i r c l in g  th e  
p o s te r io r  cham ber. C ostae a r e  composed o f  curved  c o s t a l  s t r i p s  o f  
ap p ro x im ate ly  eq u a l le n g th  (ab o u t 3 jum) and two low er ( p o s te r io r )  
t r a n s v e r s e  c o s ta e  may c o n ta in  more th a n  one r in g  o f c o s t a l  s t r i p s .  
L o n g itu d in a l c o s ta e  a r e  c h a r a c t e r i s t i c a l l y  e q u a lly  spaced  in  th e  
a n t e r io r  chamber ( 6 - 9  po h e ig h t)  and become somewhat s p i r a l l y  d e f le c te d  
o r  le sB  o rg an iz ed  in  th e  p o s te r io r  chamber (3 -4  pm h e i g h t ) .  The sm a ll 
p o s te r io r  chamber c o n ta in s  most o f  th e  p r o to p la s t  -  an  ovoid  c e l l  w ith  
approx im ate  d im ension  o f  2 .5  X 3 .5  pm and a  c u r le d  f l a g e l l a  (ap p ro x . 5 
jum in  le n g th ) .  The in n e r  s u r f a c e ,  a c c o rd in g  to  L e a d b ea te r  (1 9 7 9 b ,c ) , i s  
l in e d  w ith  a  d iaphanous membrane w hich e x ten d s  in to  th e  a n t e r io r  chamber
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and jo in s  w ith  th e  p r o to p la s t  a t  th e  w a is t  betw een th e  cham bers. About 
f i f t e e n  c o l l a r  t e n ta c le s  a l s o  ex ten d  in to  th e  a n t e r io r  cham ber.
M icrographs p re s e n te d  (F ig s .  24-25) h e re  d em o n stra te  th e  d i f f e r e n t  
a s p e c ts  o f  l o r i c a  c o n s tru c t io n  upon w hich i d e n t i f i c a t i o n  i s  b ased : th e  
c h a r a c t e r i s t i c  sh ap e , d o u b le  t r a n s v e r s e  c o s ta e ,  and r e g u la r ly  Bpaced 
lo n g i tu d in a l  c o s ta e .  A lthough  c u r le d  f l a g e l l a  (F ig .  24) were f re q u e n t ly  
e v id e n t i n  V ir g in ia  sp ec im en s, membrane o r p e r i p l a s t  and c o l l a r  were 
n o t .  L e a d b ea te r  (1981) r e p o r te d  S. d ip lo c o s ta ta  and S. d . p a u c ic o s ta ta  
a s s o c ia te d  w ith  E nterom orpha. common in  A p r il  and November t i d a l  pool 
sam ples. M icrographs h e re  a l s o  r e v e a l  o r  confirm ed  t h i s  sp e c ie s  c lo se  
a s s o c ia t io n  a n d /o r  a tta c h m e n t w ith  v a r io u s  d ia tom s ( Skeletonem a s p p .)  as 
in d ic a te d  by p re v io u s  e p lf iu o re s c e n c e  a n a ly s i s .
S tephanoeca e le g a n s  (N o r r is )  T hrondsen (F ig s .  26 -34 , 37)
S e v e ra l specim ens o f  S tephanoeca e le g a n s  w ere found w ith in  in  s i t u  
cham bers th ro u g h o u t A p r i l  1982. L o ric a s  resem ble  b e a u t i f u l  b ird  cage 
p a t te r n s  o f  r e g u la r ly  spaced  lo n g i tu d in a l  and t r a n s v e r s e  c o s ta e  which 
form  th e  w e ll -d e f in e d  sm a ll p o s te r i o r  chamber and th e  la r g e  b a r r e l  o r  
b u lb -sh ap ed  a n t e r io r  cham ber. The l o r i c a  c o n ta in s  two s e r i e s  o f 18 to  21 
lo n g i tu d in a l  c o s ta e  ( u s u a l ly  18 o r  2 0 ) ,  th r e e  t r a n s v e r s e  c o s ta e  and an 
a n t e r io r  r im , each composed o f r e l a t i v e l y  few lo n g , curved  c o s ta l  s t r i p s .  
The l o r i c a  h e ig h ts  ran g e  from  10 .5  to  12 .5  jum and p o s te r io r  chamber 
h e ig h ts  ran g e  between 3 .5  to  5 .0  urn (m ost a re  4 .0  jum). A s e r ie s  of 
c o s ta e ,  c o n s is t in g  o f s in g le  (a p p ro x . 4 .0  jum lo n g )  c o s ta l  s t r i p s ,  form
th e  p o s te r io r  chamber and r a d ia te  o u t from th e  b ase  e n c lo s in g  most o f th e
/
p r o to p la s t .  The s p h e r ic a l  to  ovo id  p r o to p la s t  (ap p ro x . 2 .5  x 3 .0  jim) i s
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F ig u re s  26 and 27.
S tephanoeca e le g a n s . Specimens o r  o rgan ism s shown h e re  
w ere c o l le c te d  d u rin g  A p r il  1 9 8 2  ex p e rim en ts  
P ho tom icrographs d em o n stra te  th e  th re e -d im e n s io n a l 
q u a l i ty  p o s s ib le  w ith  SEM p re p a ra t io n  and th e  p re s e rv a t io n  
o f  th e  n a tu r a l  c o n f ig u ra t io n  of l o r  l e a .  S ca le  b a rs  •= 1  jjm.
F ig u re  26 . C e ll i s  e v id e n t b u t obscured  by im p e r fo ra te  membrane o f  th e  
p o s te r io r  cham ber. L o ric a  w ith  21 lo n g i tu d in a l  c o s ta e  and 
3 t r a n s v e r s e  c o s ta e .  N ote c o s ta l  s t r i p  m orphology, 
p a r t i c u l a r l y  th e  s p a tu l a te  and im b r ic a te  system  o f 
co n n e c tio n s  o f lo n g i tu d in a l  c o s ta l  s t r i p s  w ith  th e  
th ic k e n e d  c o s t a l  s t r i p s  o f  th e  a n t e r i o r  r im .
F ig u re  27. L o ric a  w ith  a  c o n ic a l  p o s te r io r  chamber (p e rh ap s  due to  
sh r in k a g e  o f im p e rfo ra te  membrane) c o n ta in in g  a c l e a r ly  
v i s i b l e  c o i le d  f l a g e l l a .  Two t r a n s v e r s e  c o s ta e  e n c i r c l e  th e  
20-21 lo n g i tu d in a l  coB tae a t  th e  w a is t .
/
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f irm ly  lodged  in  a  p e r i p l a s t  and i s  u s u a l ly  h id d en  by an im p e rfo ra te  
s h e a th - l ik e  inv estm en t l i n in g  th e  p o s te r io r  cham ber. A t r a n s v e r s e  c o s ta e  
e n c i r c le s  th e  w a is t  betw een cham bers and a ls o  a p p e a rs  to  be th e  te rm in a l 
a ttach m en t p o in t  o f th e  chamber in v e s tm e n t. The lo n g i tu d in a l  c o s ta e  
a t ta c h  w ith  s p a tu la te  ends to  th e  o u ts id e  o f  th e  t r a n s v e r s e  c o s ta e ,  where 
th ey  i n t e r d i g i t a t e  w ith  th e  w edge-shaped B p a tu la te  a tta c h m e n ts  o f 
a n t e r io r  chamber c o s ta e .  P o s te r io r  cham bers, observed  under SEM, 
c o n ta in in g  c e l l s  o r  s h e a th  ap p ea r cone-shaped  ( F ig s .  27, 31 , 37) and 
c o s ta e  may be g e n t ly  s p i r a l l e d ,  w h ile  th e  empty chamber i s  h e m isp h e ric a l 
(F ig s .  29 , 30 , 3 3 , 37) a s  i t  a p p e a rs  l i v e  ( E l l i s  1930; N o rr is  1965; 
Throndsen 1974). P erhaps sh r in k a g e  o f  c e l l  o r  s h e a th  d u rin g  SEM d ry in g  
p ro c e s s e s  may e x e r t  d i f f e r e n t  d e g re e s  o f to rq u e  on th e  c o s ta e  to  produce 
th e  d i f f e r e n t ,  s l i g h t l y  s p i r a l l e d  m orphology.
The a n t e r io r  lo n g i tu d in a l  c o s ta e  r a d i a t e  o u t a t  th e  w a is t  re g io n  
form ing a broad  chamber 7 .0  to  8 .5  urn long  w ith  maximum d ia m e te r  ran g in g  
betw een 6 .75  and 8 .0  jum. Near th e  w a is t ,  p a ire d  t r a n s v e r s e  c o s ta e  
e n c i r c le  th e  a n t e r io r  chamber in s id e  th e  lo n g i tu d in a l  c o s ta e  (F ig s .  26 , 
27 , 3 3 ) .  The chamber narrow s tow ards th e  a n t e r io r  end where th e  
ta n s v e rs e  c o s ta l  rim  form s o u ts id e  th e  lo n g i tu d in a l  c o s ta e .  The 
c i r c u l a r  o r o v a l o r i f i c e  m easures 4 .5  to  5 .5  jam a t  th e  w id e s t p o in t .
Each a n t e r io r  lo n g i tu d in a l  c o s ta e  i s  composed o f two th ic k  and s l i g h t l y  
curved  (u s u a l ly  convex o u t)  c o s t a l  s t r i p s .  The second p o s te r io r  s e r i e s  
o f s t r i p s  a re  r e l a t i v e l y  w ide a t  t h e i r  p o s te r i o r  ends o r where they  
a t ta c h  to  th e  p o s te r io r  t r a n s v e r s e  c o s ta e  and narrow  g ra d u a l ly  as  they  
ex tend  (convex o u t)  to  o v e r la p  th e  f i r s t  a n t e r i o r  s e r i e s  o ^  c o s t a l  
s t r i p s  (F ig s .  26 , 2 7 ) . O c c a s io n a lly  th e  second p o s te r io r  s e r i e s
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c o n s is ts  o f  p a ire d  c o s ta l  s t r i p s  (F igs*  29 , 3 3 ) ,  where th e  a d d i t io n a l  
one o v e r la y s  th e  o th e r  and p r o je c t s  o u t ,  a t ta c h e d  o n ly  a t  th e  w a is t .
The p o s te r io r  s e r i e s  a t ta c h e s  l i n e a r l y ,  w ith  a  r e l a t i v e l y  la rg e  (ap p ro x . 
0 .5  jam) o v e r la p , to  th e  narro w er and lo n g e r  a n t e r io r  c o s ta l  s t r i p s  
(F ig s .  26 , 2 7 , 3 0 ) . These s t r i p s ,  which may ap p ea r un d er SEM as e i t h e r  
convex o r  co ncave , a t t a c h  a n t e r io r ly  w ith  s p a tu l a te  ends a t  and betw een 
th e  jo in s  o f th e  c o s t a l  s t r i p s  form ing th e  a n t e r io r  r im . T his a n t e r io r  
t r a n s v e r s e  c o s ta e  i s  composed o f  4 to  6  c o s ta l  s t r i p s  w hich o v e rla p  w ith  
v a ry in g  le n g th s  o f  > 1  urn to  form  a  th ic k e n e d  a n t e r io r  r im .
The shape o f  th e  la r g e  a n t e r io r  chamber observed  i n  th e  SEM 
m icrographs p re se n te d  h e re  may v a ry  from  th e  b a r r e l  sh ap e , s im i la r  to  
th a t  o f S . am p u lla . to  th e  l e s s  rounded u rn  (b u lb )  shape drawn by N o rr is  
(1965) and Throndsen (1 9 7 4 ). The l o r i c a  shape depends on th e  
c o n f ig u ra t io n  (d e g re e  o f  cu rv e ) and sp ac in g  betw een f i r s t  a n t e r io r  
s e r i e s  o f  c o s ta l  s t r i p s .  The b a r r e l  l o r i c a  (F ig s .  26 , 29) o ccu rs  when 
c o s ta l  s t r i p s  rem ain  curved g e n t ly  outw ards (convex  o u t)  and th e  sp ac in g  
narrow s g ra d u a l ly  from  th e  w id e s t p o in t  o f  th e  cham ber. The s l i g h t l y  
in d e n te d  u rn  shape ( F ig s .  27 , 30) o ccu rs  when th e  c o s t a l  s t r i p s  
s t r a i g h te n  o r tu r n  concave in  and th e  sp ac in g  narrow s im m ediately  beyond 
th e  w id e s t p o in t  in  th e  cham ber. Many TEM o r  SEM m icrographs of S. 
e le g a n s  l o r i c a  p re se n te d  i n  l i t e r a t u r e  a l s o  r e v e a l  d e v ia tio n s  from  th e  
b a r r e l  o r  u rn  shape and s p i r a l l i n g  (m entioned  above) o f  th e  lo n g i tu d in a l  
c o s ta e .  These v a r i e t i e s  o f l o r i c a  shapes do n o t ap p ear to  be 
d ia g n o s t ic  f e a tu r e s  b u t p erh ap s  a  fu n c tio n  o f  s t r e s s  d u rin g  EM 
p re p a ra t io n  o r  due to  specim en a g e . ,
SEM m icrog raphs o f j>. e le g a n s  from th e  York R iv e r  r e v e a l  t h a t
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Figure 28. 
Figure 29.
Figure 30.
Figure 31. 
Figure 32.
Figure 33.
F ig u re s  28 - 33.
Stephanoeca elegans. specimens collected during April and 
May 1982 experiments each showing characteristic features. 
Scale bars = 1 J im .
Posterior view of lorica containing cell and imperforate 
membrane. Demonstrates that posterior costal strips may not 
all fuse posteriorly, but are encased in membrane.
Empty undistorted (symmetrical) lorica with eighteen 
longitudinal costae. Demonstrates hemispherical posterior 
chamber and barrel-shaped anterior chamber characteristic of 
natural configuration more commonly observed under light 
microscopy.
Spherical cell and hair-point flagella evident through 
partial imperforate membrane (with less distortion of 
posterior chamber). Note fibrillar webbing and large rod­
shaped bacteria entrapped in the anterior chamber.
Lorica attached to diatom with a short pedicel.
Anterior view showing overlapping transverse costae of 
anterior rim and cell, flagella, and partial collar.
Complete lorica without imperforate membrane and dislodged 
cell with flagella. Evidence of double or paired anterior 
chamber costal strips.
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s p e c ie s  a t t a c h  f r e q u e n t ly  to  d ia tom s w ith  (F ig s .  27 , 30) o r  w ith o u t a 
p e d ic e l  (F ig .  3 0 ) , a  v e ry  s h o r t  p r o je c t io n ,  from  th e  p o s te r io r  cham ber. 
The p o s te r io r  chamber c o s ta l  s t r i p s  do n o t a l l  co n n ec t when th e y  
converge to  form  a  p e d ic e l  no r does th e  th ic k  a ttach m en t ap p ea r to  be a 
d i r e c t  e x te n s io n  o f th e se  s t r i p s .  These s p e c ie s  may a t t a c h  d i r e c t l y  as 
ju v e n i le s  a s  does SK d ip lo c o s ta ta  (L ea d b ea te r 1979c). SEM p ic tu r e s  a ls o  
c l e a r ly  show a  d e l i c a t e  f i b r i l l a r  membrane (F ig s .  23 , 25 , 33) en v e lo p in g  
th e  low er h a l f  to  two t h i r d s  o f  th e  a n t e r io r  chamber which c o n ta in s  
sm a ll co cco id  b a c t e r i a .  These may be th e  sy m b io tic  b a c t e r i a  som etim es 
a s s o c ia te d  w ith  c h o a n o f la g e l la te s  (S ie b u r th  1979). L a rg e r  co cco id  and 
ro d -sh ap ed  b a c t e r i a  a re  f r e q u e n t ly  obv ious in s id e  th e  a n t e r io r  cham bers 
o f th e s e  specim ens. P rey a r e  a p p a re n tly  tra p p e d  n e a r  th e  c o l l a r  and 
f l a g e l l a  re g io n  o f th e se  specim ens. The fu n c t io n a l  morphology o f  th e se  
l o r i c a t e  c h o a n o f la g e l la te s  i s  p a r t i c u l a r l y  e v id e n t i n  th e s e  m ic ro g rap h s .
S tephanoeca c o n s t r i c t a  E l l i s  ( F ig s .  9 , 34-36b)
£>. c o n s t r i c t a  s p e c ie s ,  a lth o u g h  v i r t u a l l y  i d e n t i c a l  i n  s i z e  ( 1 0 . 0  
to  12.5 Aim -  chamber h e i g h t ) ,  l o r i c a  c o n s tru c t io n  ( c o s t a l  s t r i p  and 
c o s ta e  a rra n g e m e n t) , and p o s te r io r  chamber and in v e stm en t membrane 
c o n f ig u ra t io n  to  £ .  e le g a n s ,  i s  e a s i l y  reco g n ized  by i t 6  c o n s t r ic te d  
a n t e r io r  chamber shape and s ta lk e d  a ttach m en t to  d ia to m s. S. 
c o n s t r i c t a . th e n , can  be d is t in g u is h e d  d e f i n i t i v e l y  from  S. e le g a n s  by 
two d ia g n o s t ic  f e a t u r e s :  1 ) i t s  c h a r a c t e r i s t i c  k e ro sen e  bu lb  shaped 
a n t e r io r  chamber formed by a  marked c o n s t r i c t io n  o f  lo n g i tu d in a l  c o s ta e
i n  th e  re g io n  o f c o s ta l  s t r i p  co n n ec tio n s  to  c r e a te  th e  sm a lle r  tu b u la r
/
o r i f i c e  (3 .5  to  4 .3  jim); and 2 ) th e  p re se n c e  o f a r e l a t i v e l y  long  s t a l k
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F ig u re  34 . S tephanoeaca e le g a n s  ( S tephanoeca c o n s t r i c t a ) .  Two com plete 
l o r i c a s  w ith  i n t a c t  im p e rfo ra te  membrane and c o n ic a l  
p o s te r io r  cham ber. C e ll and h a i r - p o i n t  f l a g e l l a  ex tend  in to  
d i s to r t e d  o r c o n s t r i c te d  a n t e r io r  cham ber. One l o r i c a  i s  
a t ta c h e d  d i r e c t l y  to  N itz c h ia  by a  s h o r t  p e d ic e l  and th e  
o th e r  p o s se sse s  a  r e l a t i v e l y  long  s in u o u s s t a l k  w hich i s  an 
e x te n s io n  o f th e  im p e rfo ra te  membrane. The s ta lk e d  l o r i c a  
may be c h a r a c t e r i s t i c  o f  S . c o n s t r i c t a  b u t c o n s t r i c te d  shape 
h e re  may be due to  EM p re p a ra t io n .  S ca le  b a r  = 5 jam.
F ig u re  35 . S tephanoeca c o n s t r i c t a . C o n s tr ic te d  l o r i c a  and f la r e d
tu b u la r  open ing  o f m id -a n te r io r  chamber e v id e n t i n  th e se  
p i c tu r e s .  C o n s tr ic t io n  ap p ea rs  as  a  c h a r a c t e r i s t i c  f e a tu r e ,  
r a th e r  th a n  d i s t o r t i o n .  L o ric a  w ith  l e s s  th a n  18 
lo n g i tu d in a l  c o s ta e .  Long s in u o u s s t a l k  obv ious as 
c o n t in u a tio n  o f  p o s te r io r  chamber membrane. S ca le  b a r  =
10 Jim.
F ig u re  3 6 a . C e ll a t ta c h e d  d i r e c t l y  to  d ia tom . L o ric a  d em o n stra te s  
sy m m e trica lly  c o n s t r i c te d  p o s te r io r  chamber and tu b u la r  
op en in g . S ca le  b a r  = 2 jim.
F ig u re  36b . D e ta i l  o f  F ig . 36a showing complex f i b r i l l a r  a ttach m en t
w ebbing betw een ap p ro x im a te ly  16 o r  17 lo n g i tu d in a l  c o s ta e  
and a s s o c ia te d  b a c t e r i a  ty p i c a l  o f  S. c o n s t r i c t a  l o r i c a s .  
S ca le  b a r  = 1 pm.
/
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(ap p ro x . 1 0 . 0  jim) w hich ap p ea rs  to  be formed by an  e x te n s io n  and m erging 
o f a  few p o s te r io r  lo n g i tu d in a l  c o s t a l  s t r i p s  encased  in  membranous 
m a te r ia l  ( F ig s .  34 , 3 5 ) .  S. c o n s t r i c t a  a l s o  a p p e a rs  to  have a  s m a lle r  
range in  lo n g i tu d in a l  c o s ta e  number o f  16 to  19 r a t h e r  th a n  18 to  21 
c o s ta e  o f J>. e leg an s  ( F ig s .  9 ,  3 6 ) .  O c c a s io n a lly , l o r i c a  may p o sse ss  
one o r two l e s s  c o s ta e  in  b o th  cham bers, b u t t h i s  i s  n o t n e c e s s a r i ly  a  
d is t in g u is h in g  f e a t u r e .  The f i b r i l l a r  membrane, observed  l i n in g  th e  
a n t e r io r  chamber o f  th e  two s p e c ie s ,  a ls o  seems to  be more p rom inent and 
to  envelop  more o f  th e  S . c o n s t r i c t a  cham ber. T h is  o b s e rv a tio n  u s in g  
SEM m icroscopy  shou ld  be  confirm ed  w ith  f u r th e r  sam p lin g , SEM 
p re p a ra t io n s  and l i g h t  m icroscopy .
Stephanoeca urnula (Figs. 37-40)
S tephanoeca u rn u la .  ty p ic a l  o f  b ra c k is h  in s h o re  w a te r (Thomsen 
1973) was observed  f r e q u e n t ly  in  A p r i l  and May 1982 cham bers when 
s a l i n i t i e s  ranged  betw een 15 .5  and 18 .5  p p t .  Thomsen (1973) f i r s t  
d e s c r ib e d  s p e c ie s  from  a  b ra c k is h  (19 p p t)  in n e r  bay (Tem pelkrogen) o f  
I s e f o r d ,  Denmark and l a t e r  observed  la r g e  numbers a t  o th e r  b ra c k is h  
w a te r l o c a l i t i e s  (4 to  l i f t )  in  Denmark and F in la n d . L o ric a  
c o n s tr u c t io n ,  p a r t i c u l a r l y  o f a n t e r io r  cham ber, v a r ie d  w ith  s a l i n i t y ;  
l e s s  co m p lica ted  l o r i c a ,  c o n ta in in g  few er o b liq u e  t r a n s v e r s e  c o s ta e  n ea r 
th e  o r i f i c e ,  appea r i n  low er s a l i n i t y  (<11&) env ironm en ts  (Thomsen 
1979). S. u rn u la  s p e c ie s  p ic tu r e d  h e re  (F ig s .  38-40) dem o n stra ted  some 
v a r i a b i l i t y  i n  shape and number o f  c o s ta e ,  how ever, l o r i c a  c o n s tru c t io n  
co rresponded  most c lo s e ly  to  D anish s p e c ie s  from  s im i la r  s a l i n i t yt
regim es ( I s e f o r d -  19&), le n d in g  su p p o rt to  Thom sen's (1979) p o s i t iv e
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Figure 37. Assemblages of Stephanoeca elegans (constricta) and ,S.
u rn u la  ty p ic a l  o f  th o se  observed  in  A p r i l  and May 1982. Two 
lo r i c a s  w ith o u t c e l l s  bu t w ith  membranes show v a ry in g  
d eg rees  o f d i s t o r t i o n  o f chamber i n  p re se n c e  o f  a  f i b r i l l a r  
membrane. Upper l e f t  specim en i s  a t ta c h e d  to  co cco id  d iatom  
(o u t o f view ) by a  membranous s t a l k ,  p e rh ap s c h a r a c t e r i s t i c  
o f S. c o n s t r i c t a . l o r i c a  o f  com plete specim en o f  S. u rn u la  
e x e m p lif ie s  In c re a se d  com p lex ity  and s p i r a l l e d  s t r u c t u r e  o f 
e s tu a r in e  spec im ens. S ca le  b a r  ■* 2 pm.
F ig u res  38 -4 0 .
S tephanoeca u r n u la . Organisms were abundant i n  A p r i l  1982 
sam ples, and d em o n stra te  d i f f e r e n t  numbers o f s p i r a l l e d  
coB tae and r e s u l t in g  v a r i a t io n s  o f th e  'u r n '  shape 
S c a le  b a rs  ■ 1 jim.
F ig u re  38 . M a g n if ic a tio n  o f  u rn u la  from  assem blage ph o to , r e v e a ls  
s p i r a l l e d  p a t t e r n  o f a n t e r io r  cham ber.
F igu re  39 . Complete and m ost complex l o r i c a  w ith  tw e n ty -s ix  s p i r a l l i n g  
c o s ta e .  P o s te r io r  chamber and c e l l  s i z e  reduced b u t a th ic k  
f la g e llu m  i s  o b v io u s .
F ig u re  4 0 . A n te r io r  view  o f  com plete l o r i c a  d em o n stra te s  ju n c tio n s  o f 
a n t e r io r  rim  c o s ta e  w ith  lo n g i tu d in a l  and s p i r a l l e d  c o s ta e .  
H a ir  p o in t f la g e llu m  i s  e v id e n t .
/
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c o r r e l a t i o n  o f s a l i n i t y  and l o r i c a  co m p lex ity .
T o ta l  h e ig h t o f  th e  V ir g in ia  specim en chamber ran g es betw een 7 .5  
and 9 .1  jam and app rox im ate  p o s te r io r  and a n t e r io r  chamber d im ensions a re
2 .2  x  3 .0 5  and 4 .8  -  5 .3  x 5 .5  -  5 .9  Aim, r e s p e c t iv e ly .  The p o s te r io r  
chamber c o n ta in s  a  s p h e r ic a l  p r o to p la s t  and i s  l in e d  by an  im p e rfo ra te  
membrane e x ten d in g  to  th e  w a is t  ( s im i la r  to  S . e le g a n s )  which i s  
e n c i r c le d  by m u l t ip le  t r a n s v e r s e  c o s ta e .  However, i n  c o n t r a s t  to  j>. 
e le g a n s . th e  p a t t e r n  o f  p o s te r i o r  chamber c o s ta e  i s  i r r e g u l a r .  I t  i s  
composed o f a s e r i e s  o f o b liq u e ly  a rran g ed  c o s ta e  lo n g i tu d in a l  (10 -15) 
and t r a n s v e r s e  c o s ta e  n e a r  th e  w a is t .  The l a r g e r  u rn -sh ap ed  a n t e r io r  
chamber c o n ta in s  c o l l a r  and h a i r  p o in t  f l a g e l l a  (a p p ro x im a te ly  4 .0  jum in  
le n g th ) .  The com plex chamber i s  composed o f  14 to  15 lo n g i tu d in a l  
c o s ta e  each  composed o f two cu rved  c o s t a l  s t r i p s .  C h a r a c te r i s t i c  s p i r a l  
b a s k e t weave c o n s tru c t io n  o f th e  b a s a l  cham ber i s  form ed by a  la rg e  
number ra n g in g  from  19 -  25 o f  o b liq u e ly  o r ie n te d  c o s ta l  s t r i p s  which 
jo in  to g e th e r  a n t e r i o r l y  and a t ta c h  a t  each  end to  f i r s t  s e r i e s  of 
lo n g i tu d in a l  c o s t a l  s t r i p s .  A r e l a t i v e l y  la rg e  number o f  t r a n s v e r s e  
c o s ta e  (4  to  7 ) e n c i r c le  th e  chamber n e a r  i t s  w id e s t p o in t form ing a  
co m p lica ted  s e r i e s  o f  a tta c h m e n ts  w ith  th e  lo n g i tu d in a l  c o s t a l  s t r i p s .  
These su b a p ic a l and in te rc o n n e c t in g  a t ta c h m e n ts ,  d e sc r ib e d  by Thomsen 
(1979) a r e  obv ious i n  F ig u re s  38 and 4 0 . The low er p a r t  o f th e  
a n t e r i o r  cham ber i s  c h a ra c te r iz e d  by a  compact im b ric a te d  ( s p i r a l l e d )  
a rrangem ent o f o b liq u e ly  o r ie n te d  c o s t a l  s t r i p s  (1 6 -1 7 ) jo in e d  to g e th e r  
a t  th e  o r i f i c e  and in te rc o n n e c t in g  w ith  p o s te r io r  ends o f  th e  
lo n g i tu d in a l  c o s t a l  s t r i p s .  A few V irg in ia  specim ens ( F ig . / 39) c o n ta in  
more a n t e r i o r  o b liq u e  coB tae th a n  p re v io u s ly  r e p o r te d  specim ens (Thomsen
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1973, 1979). S l ig h t  d if f e re n c e s  in  l o r i c a  c o n s tru c t io n  and  shape o f 
th e s e  specim ens (F ig .  39 , 40) i s  due i n  p a r t  to  v a r i a t io n  in  numbers o f  
t r a n s v e r s e  coB tae and o b liq u e  c o s ta e  o f th e  to p  and bo ttom  s p i r a l s .  
However, d e s p i te  v a r i a t i o n s ,  th e  th re e  c h a r a c t e r i s t i c  p a t t e r n s  of 
a n t e r io r  chamber c o s ta e  d e sc r ib e d  by Thomsen (1979) a r e  c l e a r ly  e v id e n t 
i n  each  SEM m icro g rap h .
S tephanoeca complexa (F ig u re s  41-43)
S. complexa c e l l s  w ere found in  A p r i l  and Hay 1982 chamber m a te r ia l  
an d , l i k e  o th e r  S tephanoeca sp e c ie s  o b serv ed  in  V ir g in ia ,  th e  l o r i c a  
s iz e s  f e l l  i n  low er range o f  th o se  p re v io u s ly  re p o r te d  (T hrondsen 1974 ). 
The ovo id  c e l l  (2 .5  x 3 .2  ;um) and th ic k  h a i r - p o in t  f l a g e l l a  (app rox . 4 .5  
-  5 .0  jim) a r e  f a i r l y  w e ll  p re se rv e d  in  th e s e  specim ens. The lo r i c a  
d im ensions (h e ig h t  1 0 . 0  -  1 2 . 0  jum) and sh ap e  a re  v ery  s im i l a r  to  th o s e  
o f b a r re l- sh a p e d  J5. e le g a n s . However, l o r i c a s  a r e  composed o f few er 
lo n g i tu d in a l  c o s ta e  (10 -  14 , mean«12) a rra n g e d  in  a  l e s s  re g u la r  
p a t t e r n .  S e v e ra l o b liq u e ly  a lig n e d  c o s t a l  s t r i p s  a re  e v id e n t ,  
p a r t i c u l a r l y  in  th e  p o s te r io r  cham ber. P o s te r io r  chamber dim ensions 
f a l l  i n  th e  range  o f  4 .3  to  5 .0  jum ( f o r  le n g th )  x  4 .3  to  5 .0  jum ( f o r  
w id th ) a t  maximum d ia m e te r; a n t e r io r  cham ber dim ensions ra n g e  from 6 .5  -  
7 .5  jum ( le n g th )  and 6 .0  -  7 .0  jum (w id th ) .  B asa l p a r t  o f p o s te r io r  
chamber ap p ea rs  more f l a t t e n e d  th an  S. e le g a n s  (F ig . 42) and the  cone 
shape o f some S. e le g a n s  was no t e v id e n t .  SEM pho tographs re v e a l a 
d is t in q u is h in g  f e a tu r e  (u n ique  to  S. co m p lex a): th e  e x te n s io n  of th e
opaque ( im p e r fo ra te )  (F ig s .  4 3 a ,b )  membrane o f p o s te r io r  chamber
/
( c h a r a c t e r i s t i c  o f S tephanoeca) beyond th e  w a is t  in to  th e  a n te r io r
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F ig u res  41 -43 a ,b  S tephanoeca complexa
F ig u re  41 . L o ric a  shape i s  s im i la r  to  S. e le g a n s  b u t has a  more complex 
( l e s s  o rg an iz ed ) arrangem ent o f c o s ta e .  Specimen a ls o  shows 
a  c h a r a c t e r i s t i c  p o s te r io r  chamber membrane ( s o l id )  which 
e x ten d s  beyond th e  w a is t  to  th e  p rom inent a n t e r io r  
t r a n s v e r s e  c o s ta e .  S ca le  b a r  ■ 2 urn.
F ig u re  4 2 . D e ta i l  o f a p o s te r io r  chamber showing random arrangem ent o f 
lo n g i tu d in a l  c o s ta e .  S ca le  b a r  = 1 jun.
F ig u re  43 a . L o r ic a ,  a lth o u g h  covered  w ith  d e t r i t u s ,  shows 
s i m i l a r i t y  to  S. e le g a n s . S c a le  b a r  = 2 ym.
F ig u re  43b . D e ta i l  shows ex tended  membrane betw een p o s te r io r  w a is t  and 
a n te r io - t r a n s v e r s e  c o s ta e  and random c ro s s - l in k a g e s  of 
d ia g o n a l c o s ta e .  S ca le  b a r  ■ 1 jim.
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chamber where i t  te rm in a te s  a t  a  w e ll-d e f in e d  th ic k  t r a n s v e r s e  c o s ta e  
formed by wide o v e rla p p in g  c o s t a l  s t r i p s .  The p o s te r io r  chamber 
c o n s i s t s  o f :  1 ) 1 0  to  1 2  lo n g i tu d in a l  c o s ta e  embedded i n  th e  im p e rfo ra te  
membrane, 2 ) two to  fo u r ,  u s u a l ly  th r e e ,  t r a n s v e r s e  c o s ta e ,  and 3 ) a  
v a r ia b le  number o f  d ia g o n a lly  o r ie n te d  c o s ta e  which c r i s s c r o s s  between 
p o s te r io r  end o f  chamber and m id -p o s te r io r  a n d /o r  t r a n s v e r s e  c o s ta e  
lo c a te d  a t  w a is t .  O c c a s io n a lly  o b liq u e  coB tae ex tend  to  a n t e r io r  
chamber t r a n s v e r s e  c o s ta e  where chamber l i n in g  te rm in a te s  (F ig .  4 2 ) .
Most lorica have aggregations of fine transverse coBtae or costal strip6 
near the waist, however costae are only occasionally paired as in s .  
elegans.
P o s te r io r  chamber lo n g i tu d in a l  c o s t a l  s t r i p s  o v e r la p ,  form ing 
l i n e a r  co n n e c tio n s  e a s i l y  o bserved  under SEM (F ig s .  4 3 a ,b ) ,  w ith  
a n t e r io r  lo n g i tu d in a l  c o s ta e  composed o f two curved  c o s t a l  s t r i p s .
C ostae a r e  ev en ly  spaced bu t c h a r a c t e r i s t i c a l l y  t r a n s v e r s e  and o b liq u e ly  
o r ie n te d  c o s ta l  s t r i p s  (d ia g o n a l p ie c e s )  c r i s s c r o s s  (fo rm ing  an 
i r r e g u l a r  l a t t i c e  work) e x te r n a l  to  th e  lo n g i tu d in a l  a r r a y .
L o n g itu d in a l c o s ta e  te rm in a te  w ith  s p a tu l a te  co n n e c tio n s  (F igs*  4 1 , 43) 
a t  o v a l a n t e r io r  rim  which ran g es  from  3 .5  to  3 .8  urn a t  w id e s t p o in t .  
V arious specim ens dem o n stra te  g r e a t  v a r i a b i l i t y  i n  co m plex ity  of o b liq u e  
c o s t a l  s t r i p  arrangem ent o f  b o th  l o r i c a  cham bers ( p a r t i c u l a r l y  i n  
com parison to  S . e le g a n s ) . A lthough N o rr is  (1965) re p o r te d  some 
p e d ic e l l a te  specim ens i n  NE P a c i f i c  (w est c o a s t  U .S .A .) t i d a l  a r e a s ,  
none w ere observed  in  th e se  sam p les.
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A can thoecopsis
T hree o f  fo u r  A can thoecopsis  s p e c ie s  o ccu rred  in  A p r i l  and May 1982 
and A p r il  1983 sam ples. Blooms o f A. apoda and A. u n g u ic u la ta  have been 
re p o r te d  f r e q u e n t ly  in  b ra c k ish  s u r fa c e  in sh o re  w a te rs  (Thomsen 1973, 
L ead b ea te r 1981). The genus i s  c h a ra c te r iz e d  by two w e ll-d e f in e d  
cham bers composed o f  12 to  14 lo n g i tu d in a l  c o s ta e ,  an  open neck w ith  
lo n g  f r e e  a n t e r io r  s p in e s  and th e  absence  o f t r a n s v e r s e  c o s ta e  n ea r th e  
end o f  th e  l o r i c a .  The genus a ls o  la c k s  a membrane l i n in g  th e  p o s te r io r  
cham ber, more ty p i c a l  o f  S tephanoeca gen u s, and th e  s p h e r ic a l  to  ovoid 
p r o to p la s t  ap p e a rs  to  be f r e e  f l o a t in g  in  some s p e c ie s .  A can thoecopsis 
c e l l s  d iv id e  b e fo re  com plete  assem bly o f l o r i c a ,  u n l ik e  S^ . d ip lo c o s ta ta  
(L e a d b e a te r  1 9 79a), which acc o u n ts  f o r  v a r i a b i l i t y  observed  in  l o r i c a ,  
p a r t i c u l a r l y  o f a n t e r io r  cham bers.
A can th o eco p sis  apoda (F ig .  4 4 a ,b )
A. apoda i s  r e p o r te d  i n  many a q u a t ic  env ironm ents o v e r a  wide range  
o f te m p e ra tu re  (0  -  32°C) and s a l i n i t y  (2  -  33 p p t)  (L ea d b ea te r  1972a,b ; 
Thomsen 1973, 1979, 1982). T his s p e c ie s  was commonly observed  in  s p r in g  
sam ples where te m p era tu re  and s a l i n i t i e s  ranged from  7 to  32°C and 10 to  
21 &. A c h a r a c t e r i s t i c  f e a tu r e  o f  A. apoda, as  th e  name su g g e s ts  i s  th e  
ab sen ce  o f  a  s t a l k ,  a lth o u g h  th e  s p e c ie s  i s  c lo s e ly  r e l a t e d  to  A. 
a s s y m e tr ic a  (Thomsen 1979) which p o sse sse s  a s h o r t  a sy m m etric a lly  p la ced  
s t a l k .  The p r o to p la s t  ap p ea rs  l a r g e r  and more s p h e r ic a l  (and f l a t te n e d )t
(2 .5  x 3 .5  jam) th a n  th a t  o f  o th e r  s p e c ie s  observed  under SEM and
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F ig u re  44a, A can thoecopsis  apoda w ith  s p h e r ic a l  p r o to p la s t  and 
f la g e llu m  p ro m in en t. S ca le  b a r  = 2 pm.
F ig u re  44b. H igher m a g n if ic a t io n  o f  F ig . 44a. shows o v e rla p p in g
c o n n ec tio n s  and com plex ity  o f p a i re d  t r a n s v e r s e  c o s ta e . 
S ca le  b a r  ** 1 pm.
F ig u re  45 . A can th o eco p sis  s p i c u l i f e r a . Two e p ib io n t  specim ens a t ta c h e d
to  d ia to m s. Specimen la y in g  on s id e  a t ta c h e d  by s t a l k  to  
cocconeid  d ia tom  t r a n s v e r s e  c o s ta e .  Second specim en s ta n d in g
on a n t e r io r  end ; t r a n s v e r s e  c o s ta e  and o rn am en ta tio n
ob v io u s. S c a le  b a r  3  5 pun.
F ig u re  46 . A can thoecopsis  u n g u lc u la ta . D iagonal c o s ta e  form
com plex, o rg an iz ed  p o s t cham ber. C o lla r  and te n ta c l e s  a re  
e v id e n t.  S c a le  b a r 3  1 0  jam.
/
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o c c a s io n a lly  i t  ex ten d s  in to  th e  p o s te r io r  cham ber. L o r ic a ,  w ith  
th in n e r  and l e s s  e la b o ra te  arrangem ent o f c o s t a l  s t r i p s ,  ap p ea rs  more 
d e l i c a t e  th a n  o th e r  A can thoecopsis  o r  S tephanoeca s p e c ie s .
A pprox im ately  12 to  14 lo n g i tu d in a l  c o s ta e  t r a v e r s e  th e  le n g th  o f th e  
l o r i c a  (1 0 .5  -  12 .0  jum) and p o s te r io r  chamber (6 .0  -  8 .5  jim i n  le n g th )  
i s  te rm in a te d  a t  th e  w a is t  by p a ire d  t r a n v e r s e  c o s ta e .  The b a r r e l ­
shaped a n t e r io r  chamber form s a  s h o r t  b road  open neck  whose s p in e s  a re  
composed 1 to  2 c o s ta l  s t r i p s .  The s h o r t  s p in e s  o f th e  p ic tu r e d  (F ig .
44a) specim en may in d ic a te  a  y o u th fu l  ( ju v e n i le )  s ta g e  o f  assem bly . The 
a n t e r io r  chamber i s  c h a r a c t e r i s t i c a l l y  e n c i r c le d  a t  th e  b a s a l  end by two 
c lo s e ly  o p p re sse d  t r a n s v e r s e  c o s ta e  and lo n g i tu d in a l  c o s ta e  beyond th i s  
p o in t  were u s u a l ly  d i s to r t e d  (wavy in  SEM p r e p a r a t io n ) .  L o ric a  of t h i s  
s p e c ie s  and D iaphanoeca were among th e  few th a t  d id  n o t m a in ta in  n a tu r a l  
(am b ien t) Bhape f o r  SEM photom icroscopy.
A can thoecopsis  s p i c u l i f e r a  (F ig . 45)
T his B pecies i s  found in  t i d e  p o o ls  where o th e r  A can thoecopsis
s p e c ie s  o c c u r b u t a r e  more f r e q u e n t ly  observed  as  e p ib io n ts  in  s ta g n a n t
w a te rs  (Thomsen 1978, 1979, 1982). Only two V irg in ia  specim ens were
observed  d u r in g  th e  m arsh -m udfla t ex p e rim en ta l p e r io d . Both o ccu rred  in
an  A p r il  1982 chamber and were a t ta c h e d  to  d ia tom s (F ig .  4 5 ) ,  (one by i t s
stalk to coccoid diatom (ThalassioBira) and the other attached at its
a n t e r io r  end to  a d iatom  f r u s t u l e ) .  L o r ic a ,  c h a ra c te r iz e d  by two w e ll -
d e f in e d  b a r re l - s h a p e d  cham bers, a re  composed o f  s e v e ra l  ("1 4 )
longitudinal costae each of four coBtal strips. The relatively narrow
/
o r i f i c e  1b form ed by f re e -e n d  o r s p ic u l e s .  The p r o to p la s t  in  th e
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p o s te r io r  chamber i s  c lo s e ly  enveloped by n arrow ly  spaced  lo n g i tu d in a l  
c o s ta e  and t r a n s v e r s e  r in g s  (2 -3 )  which e n c i r c le  th e  ovo id  c e l l  a t  
o b liq u e  a n g le s .  P lacem ent o f o b liq u e  c o s t a l  s t r i p s  o f  th e  p o s te r io r  
cham bers v a ry  i n  d i f f e r e n t  specim ens (Thomsen 1977); b a s a l  o b liq u e  
c o s t a l  s t r i p s  o f th e se  specim ens appear a rra n g e d  more r e g u la r ly  form ing 
tran v e rB e  c o s ta e ,  th a n  in  p re v io u s ly  re p o r te d  TEM m icrog raphs (Thomsen 
1977, L ea d b e a te r  1981). Two to  th re e  t r a n s v e r s e  c o s ta e  (more 
p e rp e n d ic u la r  to  lo n g i tu d in a l  c o s ta e )  e n c i r c l in g  th e  end o f th e  c e l l  
n e a r  th e  w a is t ,  ap p ea r to  be th e  m ost c o n s ta n t  f e a tu r e  o f th e  p o s te r io r  
cham ber. L o n g itu d in a l c o s ta e  sp read  s l i g h t l y  a t  th e  c o l l a r  form ing a  
broad  a n t e r io r  chamber where w id e ly  spaced  c o s ta e  c o n s i s t  o f two 
o v e rla p p in g  curved  c o s ta e .  R eported  number and p lacem ent o f a n t e r io r  
t r a n s v e r s e  c o s ta e  has  d i f f e r e d  (N o rr is  1965, Thomsen 1977) a lth o u g h  
sp ac in g  betw een c o s ta e  i s  alw ays ty p i c a l l y  g r e a t e r  th a n  o ccu rs  in  A. 
apoda. N o rr is  (1965) observed  no a n t e r io r  t r a n s v e r s e  c o s ta e  b u t Thomsen 
(1977) l a t e r  r e p o r te d  two a n t e r io r  t r a n s v e r s e  c o s ta e ;  one was f ix e d  to  
th e  second lo n g i tu d in a l  c o s t a l  s t r i p  and th e  o th e r  c ro s se d  th e  ju n c t io n  
betw een th e  second and th i r d  lo n g i tu d in a l  c o s t a l  s t r i p .  Each c e l l  
p ic tu r e d  (F ig . 45) co rresp o n d s  to  each  o f th e s e  d e s c r ip t io n s  and p erhaps 
th e  to p  l o r i c a  ( le n g th -w is e )  r e p re s e n ts  a  l e s s  developed  s ta g e  o f l o r i c a  
assem bly .
A can th o eco p sis  u n g u ic u la ta  ( F ig .  46)
A can th o eco p sis  u n g u ic u la ta  i s  f r e q u e n t ly  found in  q u ie sc e n t
s ta g n a n t t i d a l  p o o ls  and m arine h a b i t a t s  (Thomsen 1973, 1979, 1982,
/
L ead b ea te r 1981). The s p e c ie s  was f i r s t  d e sc r ib e d  (Thomsen 1973) from
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sam ples In  a s h e l te r e d  b ra c k is h  lagoon  where th e  s a l i n i t y  range (1 6 .4  -  
21 .4  & ) was v e ry  s im i la r  to  t h a t  o f  th e  p re s e n t  s tu d y . However o n ly  
two specim ens were o bserved  in  m a te r ia l  (cham ber in c u b a tio n s )  from  th e  
York R iv e r m arsh -m udfla t system . P r o to p la s t s  w ere l a r g e ,  f l a t t e n e d  
ovoid  c e l l s  (5 .0  jam in  le n g th )  w ith  th ic k  h a i r - p o in t  f l a g e l l a  e x te n d in g  
in to  th e  a n t e r io r  chamber (F ig .  4 6 ) .  The l o r i c a  i s  d iv id e d  in to  two 
w e ll-d e f in e d  cham bers composed o f  12 -14  lo n g i tu d in a l  c o s ta e .  I t  i s  
d is t in g u is h e d  from o th e r  A can thoecopsis  s p e c ie s  by th e  la c k  o f a n t e r io r  
t r a n s v e r s e  c o s ta e  and more complex i r r e g u l a r l y  a rra n g e d  c o s ta e  o f  th e  
p o s te r io r  cham ber.
The l o r i c a  (a p p ro x im a te ly  10 um t o t a l  h e ig h t)  i s  composed o f two 
s e r i e s  o f  c o s ta l  s t r i p s  w ith  d i f f e r e n t  m o rp h o lo g ies . L o n g itu d in a l 
c o s ta e  p a r a l l e l  to  long  a x is  a re  narro w er th a n  second s e t  w hich a r e  
a rran g ed  in  an i r r e g u l a r  p a t te r n  o f  d ia g o n a ls  c r i s s - c r o s s i n g  e x t e r io r  
lo n g i tu d in a l  c o s ta e  (fo rm ing  two s e t s  o f lo o s e  s p i r a l s ) .  The a n t e r io r  
chamber i s  formed by f r e e  ends o f lo n g i tu d in a l  c o s ta e  w ith  a p ic u la te  
t i p s  and by an  a d d i t io n a l  number o f  d ia g o n a lly  o r ie n te d  c o s t a l  s t r i p s  
e x te n d in g  from p o s te r io r  cham bers which co n n ec t to  s e r i e s  o f v a r ia b le  
number o f  t r a n s v e r s e  c o s t a l  r in g s  n e a r  th e  w a is t .
S a v i l le a  parv a  ( F ig s .  47-50)
S a v i l le a  parva  i s  a ls o  commonly found i n  t i d a l  p o o ls ;  p re v io u s  
re c o rd s  d em o n stra te  a  w orld -w ide d i s t r i b u t i o n  ( E l l i s  1930, N o rr is  1965, 
Boucoud-Camou 1967, L ea d b ea te r 1972b, and Thomsen 1973). This
r e l a t i v e l y  sm a ll s p e c ie s  was abundan t in  A p r il  and May 1982 cham bers
/
(Fig* 5 0 ) .  j3. parva is easily recognized by itB distinctive Bingle
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F ig u re s  47 and 48
S a v i l l e a  p a rv a . Two specim ens from  A p r il  1982 d em o n stra tin g  
c h a r a c t e r i s t i c  tu b u la r  op en in g , sm a ll c e l l ,  s t r a i g h t  
f l a g e l l a  and f i b r i l l a r  membrane. F ig . 47: s c a le  bar = 5 urn. 
F ig . 48 : s c a le  bar H 1 jim.
F ig u re  49 . Four f l a g e l l a  o f  la r g e  a u to tro p h  su rro u n d in g  S a v i l le a  p arv a  
specim en , d em o n stra tin g  th e  s p e c ie s ' sm a ll s i z e .  S ca le  b a r  
■ 5 urn.
F ig u re  50 . P o s te r io r  view  o f c e l l  o f  S a v i l le a  p a rv a  showing convergence 
o f  c o s ta e .  S ca le  b a r  m 1 jim.
i
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chamber l o r i c a  and th e  numerous com pactly  s p i r a l l e d  c o s ta e  (b a s k e t-  
w eave) which form  th e  c h a r a c t e r i s t i c  open-ended l i g h t  b u lb  shape (T o ta l 
h e ig h t  6-11 jum). The p o s te r io r  en d , th e  l a r g e r  b u lb  p a r t  c o n ta in s  a 
f r e e l y  suspended s p h e r ic a l  p r o to p la s t  (2 -3  Jim). The l o r i c a  i s  composed 
o f  two groups o f s p i r a l l y  a rran g ed  c o s ta e ;  th e  s te e p e r  s p i r a l l e d  c o s ta e  
a r e  o u te rm o st and end a b ru b tly  a t  th e  a n t e r io r  r i n g .  The a n t e r io r  r in g  
i s  formed by f l a t t e n i n g  o f in n e r  s p i r a l s  o f c o s ta e  composed o f 
c r e s c e n t ic  s t r i p s .  D if fe re n c e  in  w id th  and le n g th  o f c y c l in d r ic a l  neck 
c o n s t i tu te d  th e  most obvious v a r i a t i o n  in  l o r i c a s  observed  d u rin g  th i s  
s tu d y  (F ig s .  4 7 -5 0 ) .
S a e p ic u la  p u le h ra  (F ig s .  51-53)
S a e p ic u la  p u le h ra  were observed  i n  A p r il  and May 1982 sam ples as 
s o l i t a r y  specim ens and n ev er in  a s s o c ia t io n  w ith  o th e r  h e t e r o f l a g e l l a t e s  
o r  d ia tom s a s  were S tephanoeca s p e c ie s .  The l o r i c a  c o n s is t s  o f two 
cham bers s e p a ra te d  by an i l l - d e f i n e d  wide w a is t  (L e a d b e a te r  1980) which 
c o n ta in s  a f r e e l y  suspended c e l l  (mean 2 .1  (w id th )  x  3 .0  ( l e n g t h ) ) .  SEM 
p re p a ra t io n  re v e a le d  th a t  th e  h a i r - p o in t  f l a g e l l a  ( “  4 .0  jum) ex tend  to  
th e  a n t e r io r  r in g  u n lik e  o th e r  c h o a n o f la g e l la te s  and f r e q u e n t ly  ex tend
beyond th e  end o f th e  l o r i c a .  A lthough th i s  s p e c ie s  i s  e a s i l y
i d e n t i f i e d  by c h a r a c t e r i s t i c  b e ll- s h a p e d  l o r i c a  and v e ry  wide o r i f i c e  
rimmed by th i c k  a n t e r io r  r in g ,  th e  l o r i c a  c o n s tru c t io n  was q u i te  
v a r i a b le ,  p a r t i c u l a r l y  in  number and o r i e n t a t i o n  o f  ex tended  d ia g o n a l 
c o s ta e .  Two s e r i e s  o f  c o s ta e ,  a rra n g e d  more o r l e s s  r e g u la r ly ,  form th e
l o r i c a ;  lo n g i tu d in a l  s e r i e s  (ap p ro x . 1 0 ) a r e  a lm o s t p a r a l l e l  to  long  a x is
and a  second s e r i e s  o f  v a r ia b le  number o f a lm ost p e rp e n d ic u la r  c o s ta e
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F ig u re s  51-5 3 a ,b
S a e p ic u la  p u le h ra * T hree specim ens which d em o n stra te  
s im i la r  Bhape bu t d i f f e r e n t  c o s ta l  arrangem ents*  S ca le  
b a rs  = 1  um.
F ig u re  51 . C e ll i s  f r e e - f l o a t i n g  w ith  f l a g e l l a  ex te n d in g  to  th e  
a n t e r io r  tr a n v e r s e  c o s ta e .
F ig u re  52 . T his specim en i s  le s s -o rg a n iz e d  th a n  th a t  i n  F ig . 51 .
F lag e llu m  ex ten d s  beyond a n t e r io r  r in g .  Note th e  la rg e  rod 
b ac te riu m  n e a r  o r  on th e  r im s .
F ig u re  53a. L o ric a  w ith o u t c e l l  d em o n stra te s  c o s ta e  o f v a ry in g  
th ic k n e s s .
F ig u re  53b. D e ta i l  o f  F ig . 53a. showing d ia g o n a l arrangem ent o f c o s ta e  
a t  p o s te r i o r  end .
/
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form  t r a n s v e r s e  c o s ta e  a t  th e  w a is t .  D iagonal c o s t a l  s t r i p s  a r e  a ls o  
u s u a l ly  a t ta c h e d  to  lo n g i tu d in a l  c o s t a l  s t r i p s  midway a lo n g  i t s  le n g th  
(F ig s .  51 -  5 3 a ,b ) .  The p o s te r io r  chamber arrangem ent i s  m ost v a r i a b le ,  
composed o f  lo n g i tu d in a l  and numerous t r a n s v e r s e  and d ia g o n a l c o s ta e .
The th re e -d im e n s io n a l SEM p r e p a r a t io n s ,  where b e l l  l o r i c a  o c c a s io n a lly  
o r ie n te d  v e r t i c a l  and r e s t  on th e  a n t e r io r  r i n g ,  a ls o  r e v e a ls  th a t  
p o s te r io r  l o r i c a  do n o t alw ays converge co m p le te ly  (Fig* 53b) b u t have a 
sm a ll open b a s a l  r in g .  The w iden ing  a n t e r io r  chamber i s  formed by 
d iv e rg e n t  lo n g i tu d in a l  c o s ta e ,  each  c o n s is t in g  o f  one th i c k  (concave) 
cu rved  c o s t a l  s t r i p  w ith  a p ic u la te  ( b lu n t )  a n t e r i o r  t i p s .  These b lu n t  
t i p s  form  t - j o i n t s ,  obv ious in  SEM ( F ig s .  51 , 5 2 ) ,  w ith  c o s ta l  s t r i p s  o f 
a n t e r io r  r in g .
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Growth and G razing  A c t iv i ty
A verage growth and g ra z in g  r a t e  p a ram ete rs  f o r  each  chamber 
in c u b a tio n  determ ined  a t  b o th  m arsh and  m u d fla t s t a t i o n s  f o r  each 
m onthly experim ent a r e  p re se n te d  i n  T ab le  2 . F ig u re s  2 - 6  d em o n stra te  
th e  v a r i a b i l i t y  in  grow th p a t te r n s  and p o s s ib le  g ra z in g  e f f e c t s .  For 
exam ple, th e  le n g th  o f  th e  grow th p e r io d  and th e  peak number o f HNANO 
observed  i s  v e ry  s im i la r  i n  a l l  th e  A p r il  1982 cham bers where grow th
q
o ccu rred  w ith o u t a la g  and peak HNANO abundances were a l l  > 15 x 10J 
c e l l s  ml- * w ith in  72 h o u rs .  However, a l l  o th e r  chamber in c u b a tio n s  
showed g r e a t  v a r i a b i l i t y  i n  le n g th  o f  th e  la g  p e r io d  and p e r io d s  o f 
maximum grow th and peak h e t e r o f l a g e l l a t e  d e n s i t i e s .  These v a r ia b le  
p a t te r n s  a r e  p a r t i c u l a r l y  e v id e n t i n  A p r il  1983 and May 1984 chamber 
p lo t s  where grow th p e r io d s  a re  o f f s e t  w ith in  each  m onth, o r  r e p l i c a t e  
chambers show d i f f e r e n t  grow th p a t t e r n s  and a re  more ty p i c a l  o f s e a so n a l 
v a r i a b i l i t y  observed  in  B itu  chamber grow th ex p erim en ts  th ro u g h o u t th e  
1981 -1984 s tu d y  p e r io d .  Chambers th ro u g h o u t th e  s p r in g  p e r io d s  
dem o n stra ted  g ra z in g  o r a t  l e a s t  a d e c re a se  i n  b a c t e r i a  c o n c e n tra tio n s  
b u t u s u a lly  n o t u n t i l  HNANO c o n e n tra t io n s  peaked a t  c o n c e n tra tio n s  much 
g r e a te r  th a n  am bien t.
Growth and g ra z in g  r a t e s  o f March chambers c o n ta in in g  D iaphanoeca 
w ere r e l a t i v e l y  low (jxm 0.021h""*, Dt 3 2 .3 h ) , p o s s ib ly  because  o f low 
te m p e ra tu re s  (< 15°C) s in c e  b a c te r ia  c o n c e n tr a t io n s ,  5 .2 8  x 10^ c e l l s  
ml~^ w ere n o t l i m i t in g .  By c o n t r a s t ,  abundances and grow th and g ra z in g  
r a t e s  o f A p r i l  and May 1982 chamber assem blages w ere c o n s id e ra b ly  h ig h e r
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th a n  March 1982. A p r il  1982 chambers c o n ta in e d  g r e a t e s t  abundances and 
d iv e r s i t y  o f c h o a n o f la g e l la te s  observed  d u rin g  th e  s e r i e s  o f s p r in g  
bloom ex p erim en ts  w hich co rresponded  to  th e  u n u su a l ex tended  m arsh t i d a l  
p o o l bloom o f h e t e r o f l a g e l l a t e s  (a v e . 9 .27 x  103  c e l l s  ml” 1) ( P ig .3 ) and 
in c re a s e d  d e n s i t i e s  o f  c y a n o b a c te r ia .  C h o a n o f la g e lla te  grow th r a te s  
w ith  g e n e ra tio n  tim es a s  low as  7 .7  h  were m easured over a  s h o r t  p e rio d  
e a r ly  d u rin g  th e  in c u b a t io n .  Growth r a t e s  ranged  from 0.025 to
0 .118  h” 1  w ith  a  mean o f 0 .072  h” 1  ±  0 .0 3 5 , Dt 9 .6  h) o r  a t  l e a s t  two 
d o u b lin g s  p e r  day . These grow th r a t e s  r e s u l t e d  i n  v e ry  h ig h  
c o n c e n tra t io n s  o f  HNANO ran g in g  from  5 .8 9  to  36 .9  x 103  c e l l s  ml” 1  
( F ig .3 ) ,  second o n ly  to  v a lu e s  re p o r te d  f o r  two cham bers i n  May 1981 and 
A p r i l  1983. High c o n c e n tra t io n s  and d iv e rs e  assem blages of 
c h o a n o f la g e l la te  rem ained in  th e  cham bers f o r  p e r io d s  o f  s e v e ra l  days 
c o n c u rre n t w ith  h ig h  am bien t HNANO c o n c e n tra t io n s .  Chamber b a c t e r i a  
c o n c e n tra t io n s  w ere h ig h e r  th a n  in  M arch, ra n g in g  from 3 .17  to  16.9 x 
10® c e l l s  ml” 1  w ith  a  mean o f 7.81 x 10® c e l l s  ml" 1  d u rin g  p e r io d s  o f 
g row th . H igher th a n  norm al b a c t e r i a l  c o n c e n tra t io n s  i n d i c a te  a c t iv e  
grow th  which co u ld  h e lp  su p p o rt h ig h  abundance o f  HNANO in  cham bers; 
su b se q u e n tly  g ra z in g  reduced  b a c t e r i a l  c o n c e n tr a t io n s  to  am b ien t. 
C y an o b ac te ria  and la rg e  rod -sh ap ed  b a c t e r i a  d e c re a se  m ost q u ic k ly  and , 
as  e v id e n t i n  SEM m ic ro g rap h s , a r e  consumed by c h o a n o f la g e l la te s .  
C learan ce  (0 .4 2 2 d :0 .0 9 6  u l  d” 1  CV 22.7%) and g ra z in g  (90 -  120 b a c te r ia  
h” 1 , mean 120 h " 1^ ^ !  CV 34.4% o r 2883 b a c t e r i a  d” 1) r a t e s  w ere le s s  
v a r ia b le  th a n  grow th r a t e s .
A lthough am bient c o n c e n tra t io n s  d u rin g  May 1982 (1 .9 6  pt 103  
h e t e r o f l a g e l l a t e s  ml” 1 , 5 .8 2  x  10® b a c t e r ia  ml” 1; F ig . 4) were much
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low er th a n  d u rin g  A p r i l  1982, th e  chamber innoculum  c o n ta in e d  above
n
av erage  numbers o f h e t e r o f l a g e l l a t e s  ( 3 .5 - 6 .0  x  lC r c e l l s  ml ) .  The 
innoculum  a p p a re n tly  in c lu d e d  a c o n c e n tra te d  p a tc h  o f c h o a n o f la g e lla te s  
bloom b ecau se  a d iv e rs e  assem blage o f c h o a n o f la g e l la te s  w ith  r e l a t i v e l y  
h ig h  grow th r a t e s  developed  in  th e  cham bers. The assem blage w ere very  
s im i la r  to  A p r il  a l th o u g h  A can thoecopsls  s p e c ie s  w ere observed  more 
f r e q u e n t ly .  Growth r a t e s  av e ra g in g  0 .064  h“ * ± 0 .0 1  were s im i la r  to  
A p ril r a t e s ,  a g a in  in d ic a t in g  a t  l e a s t  2 d iv is io n s  p e r  day o r  g e n e ra tio n  
tim es o f l e s s  th a n  12 h o u rs . H igh numbers o f b a c t e r i a  (8 .81  x 10^ and 
15.3  x  106  c e l l s  ml“ ^ ) ,  in c lu d in g  c y a n o b a c te r ia ,  w ere growing in  th e  
chamber (ju = 0 .025  -  0 .0 9 5  h” *) a t  th e  end o f  th e  la g  p e r io d  f o r  HNANO. 
Average b a c t e r ia  abundance d u rin g  HNANO grow th  p e r io d s  were a g a in  
r e l a t i v e l y  h ig h  (9 .3 2  and 6 .7  x  10^ c e l l s  ml- *) and a f t e r  s e v e ra l  days 
d ec re ase d  to  below am bient l e v e l s  a g a in  in d ic a t in g  g ra z in g  im pact (F ig . 
4 ) .  C learan ce  ra te B  and g ra z in g  r a t e s  were q u i t e  v a r ia b le  b u t mean 
r a te s  (F “ 0 .4 0  ju l d“ * ± 0 . 0 1 ;  1 “  115 b a c t e r i a  h“ * (65 -  165)) w ere v ery  
s im i la r  to  A p r il  1982 chamber assem b lag es .
The A p r i l  1983 experim en t was conducted  d u rin g  a  s im i la r  p e r io d  of 
th e  lu n a r  month a s  d u r in g  A p r il  1982. However th e  A p r i l  1983 p e r io d  was 
c h a ra c te r iz e d  by anom alous w eather c o n d i t io n s  and g r e a t e r  ran g es  in  
te m p era tu re  and s a l i n i t y .  A snowstorm r e s u l t e d  in  a s h o r t- te rm  (48 
hou r) d e c re a se  to  below norm al te m p e ra tu re s  and s a l i n i t i e s  (<10°C and 9 
-  11&, r e s p e c t iv e l y ) .  Average grow th r a t e  (ju“  0.038 h” ^) o f th e  f i r s t  
A p r i l  1983 s e r i e s  (4 /1 3  -  2 1 , was low er th a n  A p r i l ,  May 1982 a v e ra g e s , 
however a few In d iv id u a l  r a t e s  w ere com parable to  th o se  o f  p re v io u s  
y e a r .  The second s e r i e s ,  i n i t i a t e d  a t  o n s e t o f low er te m p era tu re s  and
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in c u b a ted  th ro u g h  a p e r io d  o f in c re a s in g  te m p e ra tu re s  and low t i d e  
assem b lag es , d em onstra ted  a  wide range  in  grow th r a t e s  (jua  0.031 -  0 .105  
h- * ) . A verage r a t e s  (u=0.07 h- * ,D t= 9 .9h) w ere s im i la r  i n  m agnitude to  
A p r i l ,  May 1982 cham bers. The second s e r i e s ,  un d er e p if lu o re s c e n c e  
a n a ly s i s ,  appeared  to  c o n ta in  a  h ig h e r  p e rc e n ta g e  o f  c y a n o b a c te r ia  and 
c h o a n o f la g e l la te s .  A lthough m easured grow th r a t e s  w ere lo w er, maximum 
h e t e r o f l a g e l l a t e  d e n s i t i e s  ( 1 1 . 0  -  4 2 .0  x 1 0 ^ c e l l s  ml- *) ach iev ed  a f t e r  
s e v e ra l  days w ere com parable to  A p r il  1982, and in  some c a s e s ,  h ig h e r .  
G razing r a t e s  and c le a ra n c e  r a t e s  w ere , a s  i n  p re v io u s  ex p e rim en ts , 
ex trem ely  v a r i a b le .  A verage c le a ra n c e  r a t e s  F = 0 .2 7 ±  0 .0 8  p i  d * and 
g ra z in g  ra te B  80 ±  3 0 .2  b a c t e r ia  h“ * (1920 b a c t e r i a  d- *) were 
s ig n i f i c a n t l y  low er th an  A pril-M ay 1982 r a te s  (w here p e rce n tag es  of 
c h o a n o f la g e l la te s  abundances were a ls o  g r e a t e r ) .  H e te r o f l a g e l l a te  grow th 
r a te s  o f Ju n e  1984 cham bers (Ave. p  = 0 .038 ± 0 .016  (0 .0 1 8 -0 .0 5 6  h“ *) and 
maximum abundances ( " 2 0 . 0  x  1 0 ^ c e l l s  ml- *) i n  cham bers were com parable 
to  A p ril  1983 when s a l i n i t i e s  were a l s o  com parab le . Average b a c t e r i a  
c o n c e n tra t io n s  were a l s o  s im i la r  (5 .6 7  x  10^ c e l l s  ml- * ) ,  a lth o u g h  much 
more v a r ia b le  th a n  p re v io u s  y e a r .  Range in  g ra z in g  and c le a ra n c e  r a te s  
were s im i la r  b o th  in  range  and v a r i a b i l i t y ,  a l th o u g h  g ra z in g  r a te s  were 
s l i g h t l y  h ig h e r .
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DISCUSSION
C h o a n o f la g e lla te s  and B ico ec id s  have been re p o r te d  I n  c o a s ta l  
w a te r s , e s t u a r i e s ,  and l i t t o r a l  t i d e  p o o ls  (L e a d b e a te r  1972a, Thomsen 
1973, L e a d b e a te r  1981). To d a te ,  o n ly  one p u b lish e d  e c o lo g ic a l  s tu d y  o f 
h e te r o tr o p h ic  n an op lank ton  in c lu d e s  d e s c r ip t io n  o f  c h o a n o f la g e l la te s  and 
v a r io u s  o th e r  HNANO s p e c ie s  (D avis 1982). TEM and SEM d e s c r ip t iv e  and 
e c o lo g ic a l  s tu d ie s  o f  HNANO s p e c ie s  a r e  la c k in g  f o r  A t la n t ic  c o a s ta l  
w a te r s .  The e le v e n  A can thoecidae  s p e c ie s  d e sc r ib e d  h e re  expands t h e i r  
range  th ro u g h  th e  m id -A tla n t ic  c o a s t .  T h e ir  s e a s o n a l abundance and 
s p o ra d ic  blooms in  m arsh -m u d fla t system s a r e  to  be ex p ec ted  s in c e  th ey  
a re  co sm o p o litan  in  n a tu r e .  M u ltis p e c ie s  HNANO blooms dom inated by 
c h o a n o f la g e l la te s  o c c u rre d  f r e q u e n t ly  i n  V irg in ia  s a l t  m arsh  t i d a l  p o o ls  
a t  c o n c e n tr a t io n s  c o n s id e re d  a s  "mass o c c u rre n c e "  in  F rance (5  -  20 x 10^ 
c e l l s  m l" l )  i n  a  t i d e  poo l environm ent (C h re tie n n o t 1974). 
C h o a n o f la g e lla te  blooms re p o r te d  h e re  confirm  t h e i r  p o t e n t i a l  n u m erica l 
Im portance a s  g ra z e rs  o f  cyano- and o th e r  b a c t e r i a  in  th e  e s tu a r in e  
environm ent (Caron e t  a l .  1982, S ie b u r th  1984).
In  s i t u  d i f f u s io n  cham bers, w hich i n  e f f e c t  mimic q u ie s c e n t t i d a l  
poo l n ic h e s ,  proved to  be id e a l  f o r  s im u ltan e o u s  i d e n t i f i c a t i o n  and f o r  
grow th and g ra z in g  a c t i v i t y  e x p e rim e n ta tio n  w ith  am bient p o p u la tio n s  o f 
c h o a n o f la g e l la te ,  e i t h e r  free-sw im m ing o r  e p ib io n tB . S p e c i f ic  
c h o a n o f la g e l la te  s p e c ie s  ( i . e .  S. u r n u la ) , o bserved  th ro u g h  wide s a l i n i t y  
ra n g e s , m a in ta in ed  th e  same l o r i c a  c h a r a c te r s  b u t d em o n stra ted  some 
m o rp h o lo g ica l d i f f e r e n c e s  (Thomsen 1973, L e a d b e a te r  1981). Most
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f r e q u e n t ly  th e  m o rp h o lo g ica l v a r i a t io n  in v o lv e s  v a r i a t i o n  in  numbers o f 
c o s ta e  i n  th e  a n t e r io r  cham ber. L o ric a  o f  j j .  u rn u la  from  t h i s  s tu d y  m ost 
c lo s e ly  co rresponded  to  th o se  d e sc r ib e d  from  s im i la r  s a l i n i t i e s  (17 -  19 
p p t;  Thomsen 1973). T his o b s e rv a tio n  su p p o rts  th e  s p e c u la t io n  th a t  
ann u a l d i f f e r e n c e s  i n  s p e c ie s  com position  w here s p e c ie s  a re  c h a ra c te r iz e d  
by l e s s  complex l o r i c a  c o n s tru c t io n ,  e . g .  few er c o s t a l  s t r i p s ,  may be 
a t t r i b u t e d  to  long  te rm  d e c re a se  in  s e a s o n a l s a l i n i t i e s  due to  above 
av e rag e  r a i n f a l l .  However f u r th e r  s tu d ie s  a r e  needed to  con firm  t h i s  
s a l i n i t y  c o r r e l a t i o n .  Chamber in c u b a tio n s  and SEM pho todocum enta tion  of 
l o r i c a  m orphology from  a  s e r i e s  o f  d i f f e r e n t  en v iro n m en ta l s a l i n i t i e s  
would be  an  a p p ro p r ia te  method f o r  a s s e s s in g  e f f e c t s  o f s a l i n i t y  
f l u c t u a t i o n  on l o r i c a  co m p lex ity .
D if fu s io n  chamber ex p erim en ts  i l l u s t r a t e  h ig h  p o t e n t i a l  grow th  and 
g ra z in g  r a t e s  d u r in g  each  s p r in g  p e r io d .  Growth and g ra z in g  r a t e s  o f 
c o n se c u tiv e  y e a rs  o f  s p r in g  p e r io d s  were n o t  a f f e c te d  d i r e c t l y  by la rg e  
d i f f e r e n c e s  in  te m p e ra tu re  and s a l i n i t y  ra n g e s . A lthough ex p erim en ts  
tgere conducted  on n e a r ly  i d e n t i c a l  d a te s  i n  c o n se c u tiv e  y e a r s ,  s a l i n i t i e s  
and te m p e ra tu re  ran g es  d i f f e r e d  c o n s id e ra b ly . Marked d if f e r e n c e s  betw een 
en v iro n m en ta l c o n d it io n s  o f A p r il  and May 1982 and th e  fo llo w in g  A p r il  
1983 r e f l e c t e d  in c re a s e d  w in te r  and s p r in g  r a i n f a l l  and below  norm al 
te m p e ra tu re s  d u rin g  th e  A p r il  1983 snow storm . However, a lth o u g h  i n i t i a l  
A p r i l  1982 r a t e s  d u rin g  pronounced am bient bloom were th e  h ig h e s t  
m easured , r a t e s  and HNANO abundances in  d i f f u s io n  cham bers d u rin g  1982 
were v e ry  s im i la r  to  A p ril 1983 and May 1984 a v e ra g e s . In c re a s e  in  
te m p e ra tu re s  from A p r il  to  May 1982 d id  n o t r e s u l t  i n  In c re a s e d  r a t e s  o r  
abundances n o r d id  d e c re a se d  te m p e ra tu re s  from  March to  A p r il  1983 r e s u l t
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in  low er grow th r a t e s .
A ssem blages dom inated by la rg e  p e rc e n ta g e  (jC 50%) of 
c h o a n o f la g e l la te s  y ie ld e d  h ig h e s t  grow th r a t e s  a lth o u g h  each  chamber 
experim en t was c h a ra c te r iz e d  by h ig h  c o n c e n tra t io n s  (M  x 1 0 ^ c e l l s  ml- *) 
w hich e x ce p t f o r  A p r il  1982 bloom exceeded am bient l e v e l s .  T h is  s tu d y  
d em o n stra te s  th a t  c h o a n o f la g e l la te s  may grow r a p id ly  i n  marsh t i d a l  p o o ls  
and blooms may be observed  a t  s u c c e s s iv e  low t i d e s .  E xcept f o r  th e  
u n u su a l A p r il  bloom , m ost blooms a r e  s h o r t - l iv e d  and were n o t s u s ta in e d  
th ro u g h  a  t i d a l  s ta g e .  I t  i s  th u s  p o s s ib le  th a t  s p r in g  p e r io d s  o f  
in c re a s e d  te m p e ra tu re s  and ex tended  low t i d e s  fa v o r  b a c t e r ia  and 
c y a n o b a c te r ia  grow th w hich p ro v id e  id e a l  p rey  f o r  ra p id  HNANO grow th in  
m arsh s u r fa c e  t i d a l  p o o ls ,  and c y a n o b a c te r ia  grow th in  s t r a t i f i e d  York 
R iv e r  w a te rs .  Maximum in  s i t u  grow th r a t e s  in d ic a te  g e n e ra t io n  tim e s , 
ap p ro x im ate ly  6  to  1 0  h o u rs , which a r e  lo n g e r  th a n  th e  d u ra tio n  o f  low 
t i d e  i n  th e  la r g e  am bient m arsh poo l where HNANO blooms were observ ed . 
Thus blooms a r e  m ost l i k e l y  a  r e s u l t  o f  a g g re g a tio n  r a th e r  th a n  ra p id  
g row th  a lo n e . Such a g g re g a tio n  may o ccu r from t i d a l  c o n c e n tra t io n  
e f f e c t s  o f  HNANO im ported  from eb b ing  m arsh c re e k  w a te rs ;  d u rin g  th e  
s p r in g ,  in c re a s e d  h e t e r o f l a g e l l a t e  abundances m ost f r e q u e n t ly  o ccu rred  
a f t e r  ebb ing  t i d e .
Average g ra z in g  r a t e s ,  de term ined  a t  peak HNANO grow th , ra n g in g  from  
60 -120  b a c t e r i a  h"* (mean ~100) i n d i c a te  th a t  s p r in g  HNANO assem b lag es , 
f r e q u e n t ly  dom inated by c h o a n o f la g e l la te s ,  may consume b a c t e r i a l  numbers 
w hich accoun t f o r  ap p ro x im ate ly  a l l  o f  th e  d a i ly  b a c t e r i a l  p ro d u c tio n , 
i . e .  one d o u b lin g  p e r  day . HNANO s p e c ie s  co m p o sitio n  d i f f e r e n c e s  may be 
r e s p o n s ib le  f o r  th e  low er g ra z in g  r a t e s  by th e  March 1982 chamber
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p o p u la tio n s  compared to  th o se  o f  A p r il  1982 and A p r il  1983 which were 
some o f  th e  h ig h e s t  (T ab le  2 ) .  March 1982 HNANO assem blages were 
dom inated by D. g r a n d is . which acc o rd in g  to  Manton e t  a l .  (1981) may feed  
r e l a t i v e l y  i n e f f i c i e n t l y  due to  i t s  l o r i c a  c o n s tru c t io n  and s lu g g is h  
f l a g e l l a r  a c t iv i ty *  A p r i l  1982 and some A p r i l  1983 d i f f u s io n  chambers 
were dom inated by A can thoecidae  S tephanoeca c h o a n o f la g e l la te s  which 
c h a r a c t e r i s t i c a l l y  d em o n stra te  h ig h  c le a ra n c e  and g ra z in g  r a t e s  (F enchel 
1982b). The SEM m icrog raphs ( F ig s .  26-32) h e lp  i l l u s t r a t e  how 
f u n c t io n a l  morphology o f th e se  s p e c ie s  would f a c i l i t a t e  e f f i c i e n t  feed in g  
and c le a ra n c e  r a t e s .  E ntrapped la r g e  ro d -sh ap ed  and c y a n o -b a c te r ia  a re  
e v id e n t i n  th e  l o r i c a  o f  c h o a n o f la g e lla te s  o f  A p r i l  and May 1982 
cham bers. H igher g ra z in g  and c le a ra n c e  r a t e s  observed  in  chamber 
ex p erim en ts  a t  r e l a t i v e l y  h ig h  h e t e r o f l a g e l l a t e  c o n c e n tra t io n s  a ls o  may 
be s t im u la te d  by th e  p re sen ce  o f  optimum p rey  such as  th e se  
c y a n o b a c te r ia .
R e s u l ts  o f  th e s e  s p r in g  experim en ts  d em o n stra te  th a t  HNANO, 
p a r t i c u l a r l y  c h o a n o f la g e l la te s ,  p la y  an im p o rta n t r o le  in  e s tu a r in e  
m ic ro b ia l trophodynam ics as  abundant and v o ra c io u s  b a c te r io v o re s .
However i n  c o n t r a s t  t o  i n  s i t u  chamber c o n c e n tra t io n s ,  av erag e  am bient 
s p r in g  HNANO c o n c e n tra t io n s  a re  n o t e le v a te d  compared to  th e  annual 
am bient av erag e  o f  2 .3  -  2 .7  x 10^ c e l l s  ml“ l .  The en v iro n m en ta l 
abundances, i n  com bination  w ith  low er range o f  g ra z in g  r a t e s  (50 -  80 
b a c t e r ia  h ~ l ) ,  p e rhaps more ty p i c a l  o f  am bient p o p u la t io n s ,  in d ic a te  
c h o a n o f la g e l la te s  may consume 40 to  1 1 0 % o f b a c t e r i a l  carbon  p ro d u c tio n . 
T h is a c t i v i t y  would th u s  p re v e n t s u b s t r a te  l i m i t a t i o n  and m a in ta in  th e  
b a c t e r i a  i n  lo g  phase o f  grow th. The s tu d y  o f grow th and g ra z in g  r a te s
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u s in g  in  s i t u  d i f f u s io n  chamber in c u b a tio n s  combined w ith  EM 
p h o to m ic ro sco p ic  i d e n t i f i c a t i o n s  may p ro v id e  an  e x c e l le n t  o p p o r tu n ity  f o r  
t e s t i n g  d i f f e r e n c e s  betw een g ra z in g  r a t e s  and p re d a to r  and p rey  ty p e s .
CHAPTER VI 
SUMMARY AND CONCLUSIONS
H e te ro tro p h ic  nanop lank ton  (HNANO) p la y  an Im p o rtan t r o le  i n  th e  
m ic ro b ia l  trophodynam ic paradigm  (Pomeroy 1974) by t r a n s f e r r i n g  
seco n d ary  p ro d u c tio n  to  h ig h e r  t r o p h ic  le v e l s  th ro u g h  t h e i r  consum ption 
o f  b a c t e r i a .  The b a c tiv o ro u s  n an o p lan k to n , p r im a r i ly  th e  h e te ro tro p h ic  
n a n o f la g e l l a te s  o r  h e t e r o f l a g e l l a t e s ,  ran g in g  from  2  to  1 2  i n  s i z e ,  
a r e  n u m e ric a lly  and f u n c t io n a l ly  im p o rta n t component o f  e s tu a r in e  s a l t  
m arsh  system s o f  th e  Chesapeake Bay. However u n t i l  r e c e n t ly  l i t t l e  
q u a n t i t a t i v e  in fo rm a tio n  was a v a i la b le  f o r  in  s i t u  grow th and g ra z in g  
r a t e s  o f h e t e r o f l a g e l l a t e s  under n a tu r a l  c o n d i t io n s .  The s tu d y  o f 
trophodynam ics o f  e s tu a r in e  h e t e r o f l a g e l l a t e s  was conducted  in  a  s a l t  
m a rsh -m u d fla t system  where s h o r t  tim e s c a le  sam pling was re q u ire d  to  
r e s o lv e  th e  v a r i a b i l i t y  i n  n an op lank ton  dynam ics and in t e r a c t io n s  o f 
h e t e r o f l a g e l l a t e s  and b a c t e r ia  a s  p re d a to r  and p re y , r e s p e c t iv e ly .
The o b je c t iv e s  o f th e  s tu d y  w ere: 1) to  o b ta in  in fo rm a tio n  f o r  th e  
s e a s o n a l  d i s t r i b u t i o n ,  abundances, and ty p es  o f h e t e r o f l a g e l l a t e s  in  th e  
m arsh -m u d fla t system ; 2 ) to  d e te rm in e  th e  tem poral s c a le s  n e c e ssa ry  to  
r e s o lv e  th e  d eg ree  o f  v a r i a b i l i t y  and s e a so n a l p a t te r n  o f p re d a to r -p re y  
i n t e r a c t io n s ;  3) to  dev e lo p  a f i e l d  m ethodology to  o b ta in  in  s i t u  grow th 
and g ra z in g  r a t e s  o f  h e t e r o f l a g e l l a t e s ;  4 ) to  d e s c r ib e  p re d a to r -p re y  
I n te r a c t i o n s  o r  c y c le s ;  and 5 ) to  d e te rm in e  i f  h e t e r o f l a g e l l a t e  a c t i v i t y  
a f f e c t s  b a c t e r i a l  p o p u la tio n  dynam ics.
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1 . H e te r o f l a g e l l a te s  i n  th e  e s tu a r in e  system  a r e  e u ry h a lin e  and 
e u ry th e rm a l, and assem blages a r e  dom inated by fo u r  ty p e s  In c lu d in g  
c h o a n o f la g e l la te s ,  Paraphysom onas s p . ,  b o d o n id s , and sm all m onads.
Annual av erag e  h e t e r o f l a g e l l a t e  d e n s ity  i s  ap p ro x im a te ly  a re  2 .0  x 10^ 
c e l l s  m l~l and c o n c e n tr a t io n s  o f 4 .5  x  10^ c e l l s  ml“ * in d ic a te  a  bloom in  
th e  t i d a l  en v ironm en t. E nvironm enta l abundances f l u c t u a t e  betw een 
ap p ro x im a te ly  1 .0  and 5 .0  x 10^ c e l l s  ml” ^ th ro u g h o u t th e  y ea r b u t u n lik e  
b a c t e r i a l  p o p u la t io n s ,  h e t e r o f l a g e l l a t e  f lu c tu a t io n s  do n o t fo llo w  a 
s e a so n a l p a t t e r n .  Annual h e t e r o f l a g e l l a t e  p o p u la tio n  p a t te r n s  i n  sh a llo w  
e s tu a r in e  env ironm en ts were n o t c o r r e la te d  to  s e a s o n a l v a r i a t io n s  in  
b a c t e r i a l  abundance o r  te m p e ra tu re . H e te r o f l a g e l l a te  numbers w ere 
s l i g h t l y  e le v a te d  above th e  an n u a l av e ra g es  d u rin g  th e  f a l l  and s p r in g  
t r a n s i t i o n  p e r io d s .  However sam pling o v er s h o r t  tim e s c a le s  re v e a le d  
th a t  h o u r ly  and d a i ly  f lu c tu a t io n s  i n  h e t e r o f l a g e l l a t e  abundances were 
f r e q u e n t ly  o f th e  same m agnitude a s  o r g r e a t e r  th a n  th o s e  observed  over 
w eekly o r  m onthly  tim e s c a l e s .  These s h o r t- te rm  peaks o f d iv e rs e  
h e t e r o f l a g e l l a t e  and b a c t e r i a  p o p u la tio n s  w ere observ ed  in  t i d e  pool 
env ironm ents formed a t  low  w a te r in  th e  m arsh -m udfla t system , 
p a r t i c u l a r l y  d u rin g  p e r io d s  o f ex tended  low  t i d e .  The v a r ia t io n  in  
nanop lank ton  p o p u la tio n s  and c o n c e n tra t io n s  d u rin g  th e  t i d a l  c y c le s ,  
d em o n stra ted  th e  n e c e s s i ty  o f  m o n ito rin g  abundances a t  s h o r t  i n t e r v a l s  in  
o rd e r  to  d e te rm in e  th e  freq u en cy  o f fo rm a tio n  o f  low t i d e  
h e t e r o f l a g e l l a t e  a ssem b lag es .
2* D if fu s io n  cham bers r e p re s e n t  s p e c ia l iz e d  c o n d i t io n s  o f 'th e  q u ie sc e n t 
(low  tu rb u le n c e )  t i d a l  p o o ls  a t  low w a te r  where a d v e c tio n  e f f e c t s  a re
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removed and m ic ro n ich e s  a re  more s t a b l e .  Rapid d iv i s io n s  o f 
h e t e r o f l a g e l l a t e s  in  cham bers may in d ic a te  an  a d a p ta t io n  to  a  more 
fa v o ra b le  environm ent where p rey  c o n c e n tra tio n  i s  no lo n g e r  l i m i t i n g .  
Chamber ex p erim en ts  in d ic a te  th e  p o te n t i a l  f o r  h ig h  r a t e s  o f 
h e t e r o f l a g e l l a t e  grow th and g ra z in g  under v a r io u s  en v iro n m en ta l 
c o n d i t io n s .  H igh grow th r a te s  and h ig h  d e n s i t i e s  o f h e t e r o f l a g e l l a t e s  in  
i n  s i t u  d i f f u s io n  chamber experim en ts  g e n e ra l ly  co rresponded  to  p e r io d s  
o f in c re a s e d  abundance in  am bient h e t e r o f l a g e l l a t e  p o p u la tio n s .  P e rio d s  
o f HNANO grow th in  cham bers were c o n c u rre n t w ith  in c re a s e d  grow th  o r  
change i n  s p e c ie s  com position  o f  b a c t e r ia  i n  th e  cham bers. F re q u e n tly  
grow th o f  h e t e r o f l a g e l l a t e s  in  chambers d em onstra ted  two d i f f e r e n t  ranges 
o f r a t e s  o r  two d i f f e r e n t  phases o f g row th . The i n i t i a l  la g  phase  o r 
slow er r a t e s  w ith  d o u b lin g  tim es  o f ap p ro x im ate ly  24 ho u rs  o r  g r e a t e r  a re  
perhaps ty p i c a l  o f  p o p u la tio n s  from  u n s ta b le  t i d a l  env ironm ents  w h ile  th e  
second phase  o f a c c e le r a te d  grow th r a te s  w ith  d o u b lin g  tim es o f 7 to  14 
hou rs u s u a l ly  occu r when l a r g e r  a n d /o r  a c t iv e l y  grow ing b a c t e r i a l  p rey  
a re  a v a i l a b l e .  A la g  phase in  h e t e r o f l a g e l l a t e  grow th  may r e s u l t  from  
h a n d lin g  d is tu rb a n c e  o f  in n o c u la t io n  o r may In d ic a te  f o o d - l im i ta t io n .  
D iv is io n s  may n o t occur u n t i l  a f t e r  s e v e ra l  hours o f a c t iv e  g ra z in g . 
Blooms o r  grow th p u ls e s  may o ccu r r a p id ly  (w ith in  h o u rs )  p a r t i c u l a r l y  as 
an o p p o r tu n is t ic  re sp o n se  to  optimum or d iv e r s e  food so u rc e s  w hich a re  
g razed  more e f f i c i e n t l y ,  i . e . ,  l a r g e r  b a c t e r i a  (>0 . 2 0  jim ^), 
c y a n o b a c te r ia ,  o r  gam etes. The second ph ase  o f grow th  in  cham bers i s  
a ls o  c h a r a c te r iz e d  by in c re a s e d  d iv e r s i ty  and s iz e  o f  h e t e r o f l a g e l l a t e s  
s im i la r  to  th a t  observed  in  s i t u  d u rin g  p e r io d s  o f ex tended  'low  w a te r .
3 . E nv ironm en ta l v a r i a b i l i t y ,  r a p id ly  s h i f t i n g  am bien t n an op lank ton
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p o p u la t io n s ,  and v a r ia t io n  in  grow th o f  h e t e r o f l a g e l l a t e s  i n  chambers 
su g g e s t in  s i t u  r a t e s  may change q u ic k ly . Growth r a t e s  may be 
u n d e re s tim a te d  f o r  exam ple, i f  th e  sam pling in t e r v a l  does n o t accoun t f o r  
a  synchronous d iv i s io n  fo llo w in g  th e  fe e d in g  p h ase . F u r th e r  in  s i t u  
grow th and g ra z in g  d e te rm in a tio n s  sh o u ld  in v o lv e  s h o r t  sam pling  in t e r v a l s  
(2 to  4 h o u rs )  to  d e term in e  a c c e le r a te d  grow th r a t e s  more a c c u ra te ly  and 
to  d e te c t  p o s s ib le  synchronous d iv i s io n s  o r d i e l  p a t te r n s  i n  grow th and 
g ra z in g .
4 .  The f i r s t  y e a r  (1981-1982) o f  in  s i t u  chamber ex p erim en ts  re v e a le d  
th e  dynamic n a tu re  o f  n an op lank ton  in  th e  m arsh -m udfla t system  d u rin g  
e a r ly  autumn (1982) and s p r in g  (1983) t r a n s i t i o n  p e r io d s .  N anoplankton 
assem blages i n  l a t e  O ctober and e a r ly  November w ere c h a r a c te r iz e d  by a  
g r e a t e r  r e l a t i v e  abundance o f  l a r g e r  bodonid fo rm s, and c o lo r l e s s  and 
o range f lu o re s c in g  cryptom onads, and o range f lo u re s c in g  c y a n o b a c te r ia . 
A p r i l  1982 was c h a ra c te r iz e d  by c h o a n o f la g e l la te  blooms and ra p id  grow th 
and g ra z in g  r a t e s .  The second y e a r  o f  experim en ts  in v o lv in g  more 
in te n s iv e  sam pling confirm ed th a t  th e  t r a n s i t i o n  p e r io d s  were optimum 
f o r  ra p id  blooms o f th e se  nanop lank ton  assem b lag es , p a r t i c u l a r l y  d u rin g  
ex tended  p e r io d s  o f low t i d e .  H e te r o f la g e l la te  d e n s i t i e s  and a c c e le ra te d  
grow th r a t e s  d u rin g  th e se  p e r io d s  w ere a s  g re a t  a s  th a t  o f  Bummer, 
d em o n stra tin g  th a t  th e  an n u a l p a t te r n  in  h e t e r o f l a g e l l a t e s  grow th r a te s  
does n o t fo llo w  a  se a so n a l p a t t e r n  which can be re s o lv e d  on a  m onthly 
s c a le .
The la c k  o f a c o n s is te n t  se a so n a l p a t te r n  i n  m onthly mdan grow th 
r a t e s  o f h e t e r o f l a g e l l a t e s  i n  th e  m arsh -m udfla t system ; th e  la rg e  range
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i n  grow th re sp o n ses  among in d iv id u a l  chambers d u rin g  a  p e r io d  o f a  week; 
th e  v a r i a b i l i t y  i n  th e  se a so n a l p a t t e r n  o f en v iro n m en ta l h e t e r o f l a g e l l a t e  
d e n s i t i e s  and th e  o p p o r tu n is t ic  n a tu re  o f th e  h e t e r o f l a g e l l a t e  grow th 
re sp o n se  to  s p e c i f i c  c o n d itio n s  ( i . e . ,  s u i t a b le  p rey ) a l l  in d ic a te  th e  
n e c e s s i ty  to  in v e s t ig a t e  m ic ro b ia l dynam ics i n  a  m arsh -m udfla t system  
shou ld  by in te n s iv e ly  sam pling s e v e r a l  p a ram e te rs  o v er s h o r t  p e r io d s  
( I . e . ,  h o u r ly  i n t e r v a l s  over s e v e r a l  t i d a l  c y c le s )  r a th e r  th a n  by m onthly 
o r  b im on th ly  s e a so n a l ex p e rim en ts .
5 .  D uring b o th  t r a n s i t i o n  p e r io d s ,  p u ls e s  o f  h e t e r o f l a g e l l a t e  grow th 
o ccu rred  m ost f r e q u e n t ly  du rin g  grow th  o f l a r g e r  form s o f  b a c te r ia  o r  
p re sen ce  o f  c y a n o b a c te r ia ,  p a r t i c u l a r l y  as a g g re g a te s .  An u n u su a lly  
dense bloom o f c y a n o b a c te r ia  o c c u rre d  in  t i d e  p o o ls  and chambers d u rin g  
th e  autumn 1982 ex p e rim en t. L arge bodonid form s and Paraphvsomonas grew 
r a p id ly  i n  a s s o c ia t io n  w ith  th e  c y a n o b a c te r ia  a g g re g a te s ,  d em o n stra tin g  
an  o p p o r tu n is t ic  re sp o n se  to  optimum prey* The autumn experim en ts  
su g g es t t h a t  m ic ro ag g reg a te s  p la y  an  im p o rta n t r o le  in  s t im u la t in g  grow th 
and g ra z in g  a c t i v i t y  i n  nanop lank ton  trophodynam ics. In  s i t u  d i f f u s io n  
chamber in c u b a tio n s  u s in g  s h o r te r  sam pling i n t e r v a l s  ( < 2  h o u rs) shou ld  be 
an  id e a l  m ethodology f o r  o b se rv in g  th e  fo rm a tio n  o f m ic ro ag g reg a te s  and 
re s o lv in g  t h e i r  im portance in  HNANO trophodynam ics.
6 . The s p r in g  bloom assem blages o f  1982 th ro u g h  1984 w ere f u r th e r  
c h a r a c te r iz e d  u s in g  in  s i t u  d i f f u s io n  chamber ex p erim en ts  and a 
com bination  o f  e p lf lu o re s c e n c e  d i r e c t  coun ts  and scann ing  and 
tra n s m is s io n  e le c t r o n  m icroscopy (SEM and TEM) to  en u m era te 'an d  d e s c r ib e  
th e  h e t e r o f l a g e l l a t e s .  Photom icroB copic a n a ly s i s  o f  th e  s p r in g
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assem blages dem o n stra ted  th e  n e c e s s i ty  o f  combined a n a ly s is  f o r  
I d e n t i f i c a t i o n  o f  th e  h e t e r o f l a g e l l a t e  s p e c ie s  assem blage* SEM, shows 
d e t a i l s  o f l o r i c a s  w ith  a  minimum o f d i s t o r t i o n  w hich i s  p a r t i c u l a r l y  
v a lu a b le  f o r  c h o a n o f la g e l la te  i d e n t i f i c a t i o n .  TEM i s  v a lu a b le  f o r  
i d e n t i f i c a t i o n  o f  th e  h y a lin e  sh e a th s  o f b ic o e c id s  and s p e c ie s - s p e c i f ic  
s c a le s  o f  Paraphvsom onas s p e c ie s .  The SEM p r e p a r a t io n ,  m od ified  
s p e c i f i c a l l y  f o r  p r e s e rv a t io n  o f  h e t e r o f l a g e l l a t e s ,  re v e a le d  th a t  th e  
dom inant component o f  th e  s p r in g  blooms was composed o f s e v e ra l  members 
o f  th e  l o r i c a t e  c h o a n o f la g e l la te  fa m ily , A can thoecidae . E leven  
A can thoecidae  c h o a n o f la g e l la te  s p e c ie s ,  i d e n t i f i e d  from  th e  s p r in g  
chamber experim en ts  were d e s c r ib e d  f o r  th e  f i r s t  tim e in  th e  Chesapeake 
Bay a r e a .
R e su lts  o f  th e  more In te n s iv e  s p r in g  ex p erim en ts  and combined 
m ethodo log ies docum ents th e  im p o rta n t r o l e  o f h e t e r o f l a g e l l a t e s ,  
p a r t i c u l a r l y  c h o a n o f la g e l l a te s , a s  abundant and v o ra c io u s  b a c te r io v o re s  
in  e s tu a r in e  m ic ro b ia l  trophodynam ics. In  s i t u  grow th and g ra z in g  r a te s  
d e term ined  f o r  th e  s p r in g  chamber p o p u la t io n s ,  ranged  from 0 .023  to  0 .196  
h~* and 40 to  210 b a c t e r ia  h“  ^ p e r  h e t e r o f l a g e l l a t e ,  r e s p e c t iv e ly .  These 
h ig h  r a t e s  r e p re s e n t  an o p p o r tu n is t ic  re sp o n se  to  optimum c o n d it io n s  and 
e x p re s s io n  o f maximum g ra z in g  p o t e n t i a l .  The SEM m icrog raphs i l l u s t r a t e  
how th e  f u n c t io n a l  morphology o f  th e  l o r i c a  o f  th e  A can thoecidae  sp e c ie s  
f a c i l i t a t e s  e f f i c i e n t  fe e d in g  and c le a ra n c e  r a t e s .  The s tu d y  o f grow th 
and g ra z in g  r a t e s  u s in g  in  s i t u  d i f f u s io n  chamber in c u b a tio n s  combined 
w ith  EM pho tom icroscop ic  I d e n t i f i c a t i o n s  may p ro v id e  an  e x c e l le n t  
o p p o r tu n i ty  f o r  t e s t i n g  d i f f e r e n c e s  betw een g ra z in g  r a t e s  and p re d a to r  
and p rey  ty p e s •
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7 . Ambient h e t e r o f l a g e l l a t e s  f lu c tu a te d  in d e p en d en tly  o f b a c te r ia  
d e n s i t i e s  and grow th in  chambers was n o t c o r r e la te d  w ith  b a c te r ia  
d e n s i ty .  The la c k  o f  p o s i t iv e  c o r r e l a t i o n  o f  i n i t i a l  b a c te r ia  
c o n c e n tra t io n s  w ith  h e t e r o f l a g e l l a t e  grow th su p p o r ts  th e  id e a  th a t  
b a c t e r i a  abundance (above a  th re s h o ld )  does n o t de te rm in e  grow th r a te s  
no r d e n s i ty  o f h e t e r o f l a g e l l a t e s .  However, l im i t in g  o r  c o n t ro l l in g  
f a c to r s  o f HNANO p o p u la tio n s  i n  th e  n a tu r a l  environm ent ( i . e . ,  m arsh- 
m u d fla t system ) may In c lu d e  tu rb u le n t  i n s t a b i l i t y ,  f o o d - l im i ta t io n ,  and 
p re d a t io n  p r e s s u re .  I n s t a b i l i t y  o f th e  w a te r  column may in c re a s e  food - 
l i m i t a t i o n  o r  r e q u ir e  e le v a te d  b a c te r ia  numbers f o r  e f f i c i e n t  fe e d in g  and 
sub seq u en t g row th . B a c te r ia l  c o n c e n tra t io n s  seldom  d ecreased  below 
g ra z in g  th re s h o ld  c o n c e n tra t io n s  in  cham bers, however in  th e  u n con fined  
env iro n m en t, p h y s ic a l  a g i t a t i o n  from w a te r  movement and d ecreased  
a v a i l a b i l i t y  o f  m ic ro n ic h e s , e . g . ,  m ic ro a g g re g a te s , may d e c re a se  
h e t e r o f l a g e l l a t e  fe e d in g  e f f ic ie n c ie s *  Ambient th re s h o ld  b a c t e r i a l  
c o n c e n tra t io n s  f o r  g ra z in g  may a c tu a l ly  be h ig h e r  th a n  f o r  chamber 
p o p u la tio n s  o r  may be dependent on p re se n c e  o f optimum p re y , e . g . ,  la r g e r  
b a c te r ia  o r  a  d iv e r s i t y  o f  food  s o u rc e s ,  to  y ie ld  In c re a se d  g ra z in g  and 
g row th . A lthough r a t e s  m easured in  d i f f u s io n  chamber may be more 
r e p r e s e n ta t iv e  o f  am bient r a t e s  th an  r a t e s  from  in c u b a tio n s  c a r r ie d  ou t 
i n  g la s s  b o t t l e s ,  c a u t io n  must be e x e rc is e d  in  e x t r a p o la t in g  d i r e c t l y  to  
am bient c o n d i t io n s .
8 . P re d a to r -p re y  in t e r a c t io n s  e v id e n t In  d i f f u s io n  chambers experim en ts  
d em o n stra te  th e  s h o r t- te rm  o p p o r tu n is t ic  re sp o n se  o f  h e t e r o f l a g e l l a t e s  to  
B ta b le  c o n d i t io n s .  The c l a s s i c  5 to  7 day s in u s o id a l  p re d a to r -p re y  cy c le
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c o n s is t in g  o f a b a c t e r i a  peak fo llo w ed  by a h e t e r o f l a g e l l a t e  peak , 
u s u a l ly  a f t e r  2  to  3 d a y s , was n o t ty p i c a l  o f  th e  m arsh -m udfla t system . 
I n s te a d  th e  grow th re sp o n se  o f  th e  b a c t e r i a  (p re y )  and h e t e r o f l a g e l l a t e  
( p r e d a to r )  p o p u la tio n s  i n  d i f f u s io n  cham bers was more c lo s e ly  coupled 
w ith in  l e s s  th a n  2 d a y s . F re q u e n tly  th e  two p o p u la tio n s  in c re a se d  
c o n c u r re n t ly  r a th e r  th a n  o u t o f p h a se , co n firm in g  a c lo s e  co u p lin g  o f 
b a c t e r i a  and h e t e r o f l a g e l l a t e  grow th r a t e s .
9 .  S e v e ra l f a c to r s  may c o n t r ib u te  to  v a r i a t i o n  in  g ra z in g  r a te s  o f 
m arsh -m u d fla t h e t e r o f l a g e l l a t e s  in c lu d in g  en v iro n m en ta l c o n d i t io n s ,  
abundance, s i z e  and s p e c ie s  d iv e r s i t y  o f  a v a i la b l e  p re y , and p re d a to r  
s p e c ie B -s p e c if ic  g ra z in g  r a t e s .  C learan ce  and g ra z in g  r a t e s  f o r  n a tu r a l  
mixed HNANO assem b lag es , b e s id e s  v a ry in g  w ith  th e  s iz e  o r  d e n s ity  of 
b a c t e r i a  and w ith  th e  dom inant fe e d in g  ty p e , w i l l  be in f lu e n c e d  by a 
s u i t e  o f en v iro n m en ta l f a c t o r s .  T here was no c o r r e l a t i o n  between g ra z in g  
r a t e s  and b a c t e r i a  d e n s i t i e s  de term ined  i n  cham bers, p e rh ap s  because 
g ra z in g  ap ro ach es  s a tu r a t io n  n e a r  c o n c e n tra t io n s  (4 .0  to  8 . 0  x  1 0 ® c e l l s  
ml“ l )  found in  th e  m arsh -m u d fla t system . However e p if lu o re s c e n c e  
m icroscopy in d ic a te d  th a t  h e t e r o f l a g e l l a t e s  p r e f e r e n t i a l l y  g razed  th e  
l a r g e r  s iz e d  b a c t e r i a  and h ig h e r  in g e s t io n  r a t e s  o ccu rred  f r e q u e n t ly  
d u r in g  blooms o f c y a n o b a c te r ia  o r  l a r g e  ro d -sh ap ed  b a c t e r i a .  The s iz e  
and ty p e  o f  b a c t e r i a  and ty p e  o f  p re d a to r  ( i . e . ,  c h o a n o f la g e l la te s )  
in f lu e n c e d  g ra z in g  r a t e s .
10 . During any season, ambient densities of heteroflagellates are 
capable of grazing 30 to 100% of the standing crop of bacteria, i.e, 1 .0  
to 6 .0  x 10® cells per day. Grazing activity by the ambient
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h e t e r o f l a g e l l a t e  p o p u la tio n  u s u a l ly  a c c o u n ts  f o r  n e a r ly  h a l f  th e  
e s tim a te d  d a l ly  b a c t e r i a l  carbon  p ro d u c tio n  f o r  th e  m arsh -m udfla t system , 
w ith  th e  s e a so n a l ran g e  o f  e s tim a te s  ra n g in g  from  2 0  to  1 0 0 % o f th e  d a l ly  
b a c t e r i a  tu rn o v e r .  The b a c t e r i a l  carbon  p ro d u c tio n , i n  tu r n  w i l l  su p p o rt 
1 to  3 d o u b lin g s  o f h e t e r o f l a g e l l a t e s .  However, th e se  numbers a re  only  
rough e s t im a t io n s  based  on one o f a v a r i e ty  o f  assumed v a lu e s  f o r  carbon 
c o n te n t o f  b a c t e r ia  and h e t e r o f l a g e l l a t e s  found in  th e  l i t e r a t u r e  and 
rough e s t im a te s  o f  th e  volum es o f th e  two mixed p o p u la t io n s .  The 
p e rc e n ta g e s  re p o r te d  i n  th e  l i t e r a t u r e  o f  b a c t e r i a l  carbon  p ro d u c tio n  
consumed by h e t e r o f l a g e l l a t e s  a re  a l s o  compared to  e s tim a te s  o f b a c t e r i a l  
p r o d u c t iv i ty  which g e n e ra l ly  a re  n o t s p e c i f i c  to  th e  s tu d y  a re a  and do 
n o t ta k e  in to  acco u n t en v iro n m en ta l v a r i a b i l i t y .  These e s t im a te s  cou ld  
be g r e a t ly  improved by u s in g  a  com bination  o f  cham ber ex p erim en ts  and CHN 
a n a ly s i s  t o  d e te rm in e  th e  volum es and carbon  c o n te n t o f  th e  s p e c i f i c  
HNANO assem blages and by d e te rm in in g  s p e c i f i c  a c t i v i t y  o f b a c t e r i a  w ith  
t i d a l  s ta g e .
11. Both en v iro n m en ta l p a t te r n s  o f  HNANO and in  s i t u  ex p erim en ts  
d em o n stra ted  th a t  h e t e r o f l a g e l l a t e s  ( a t  am bient d e n s i t i e s )  do n o t c o n tro l  
th e  f lu c tu a t io n s  in  b a c t e r i a  c o n c e n tra t io n s  nor do e s tu a r in e  b a c t e r i a l  
c o n c e n tra t io n s  r e g u la te  o r  c o n t ro l  th e  number o f  h e t e r o f l a g e l l a t e s  found 
i n  th e  sh a llo w  t i d a l  env iro n m en t. However, grow th  r a te s  i n  chambers d id  
in d ic a te  t h a t  peak grow th o f  h e t e r o f l a g e l l a t e  and b a c t e r i a  were c lo s e ly  
co u p led . B a c te r ia  grow ing w ith o u t h e t e r o f l a g e l l a t e  g ra z in g  p re s s u re
e n te r  a  s t a t io n a r y  phase a f t e r  on ly  one o r two d o u b lin g s  w hich may be due
/
in  p a r t  t o  s u b s t r a te  l i m i t a t i o n .  H e te r o f l a g e l l a te  g ra z in g  a c t i v i t y  may 
r e g u la te  th e  s ta n d in g  s to c k s  o f  b a c t e r i a  to  th e  e x te n t  th a t  i t  p re v e n ts
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s u b s t r a te  l i m i t a t i o n .  H e te r o f l a g e l l a te  g ra z in g  p re s s u re  may m a in ta in  
b a c t e r i a  i n  a y o u th fu l phase so b a c t e r i a  may f l o u r i s h  when optimum 
c o n d it io n s  f o r  grow th occu r such as  in  th e  summer when s u b s t r a te  and 
te m p e ra tu re s  a re  n o t l i m i t in g .  H e te r o f l a g e l l a te s  a ls o  may a f f e c t  
m ic ro b ia l  p r o d u c t iv i ty  th ro u g h  in c re a s e d  g ra z in g  and r e m in e ra l iz a t io n  
( n u t r i e n t  re g e n e ra tio n )  a c t i v i t i e s  as  s h o r t- te rm  re sp o n se s  to  in c re a se d  
b a c t e r i a l  p o p u la t io n s ,  th u s  s u s ta in in g  b o th  b a c t e r i a l  grow th and c y c lin g  
o f  b a c t e r i a l  carbon  in  e s tu a r in e  trophodynam ics. The p o te n t i a l  f o r  h ig h  
grow th and g ra z in g  r a t e s  dem o n stra ted  by in  s i t u  chamber experim en ts  
u n d er n e a r ly  a l l  en v iro n m en ta l c o n d it io n s  and th e  la c k  o f s e a so n a l 
p a t t e r n s  i n  f lu c tu a t in g  d e n s i t i e s  in d ic a te  h e t e r o f l a g e l l a t e s  may se rv e  as  
a  r e l a t i v e l y  c o n s ta n t  pathway o f b a c t e r i a l  carbon  in to  th e  e s tu a r in e  food 
c h a in .
I
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